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NOTICES

When published in final form, this document will provide information to states and tribes
authorized to establish water quality standards under the Clean Water Act (CWA), to protect aquatic
life from toxic effects of cadmium. Under the CWA, states and tribes are to establish water quality
criteria to protect designated uses. State and tribal decision makers retain the discretion to adopt
approaches on a case-by-case basis that differ from these criteria when appropriate. While this
document contains EPA’s scientific recommendations regarding ambient concentrations of cadmium
that protect aquatic life, it does not substitute for the CWA or EPA’s regulations; norisita
regulation itself. Thus, it cannot impose legally binding requirements on EPA, states, tribes, or the
regulated community, and might not apply to a particular situation based upon the circumstances.
EPA may change this document in the future. This document has been approved for publication by
the Office of Science and Technology, Office of Water, U.S. Environmental Protection Agency.

Mention of trade names or commercial products does not constitute endorsement or
recommendation for use. This document can be downloaded from:
http://www.epa.gov/waterscience/criteria/aqlife.html Notices.
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FOREWORD

Section 304(a) (1) of the Clean Water Act, 33 U.S.C. § 1314(a)(1), directs the Administrator
of the Environmental Protection Agency to publish water quality criteria that accurately reflect the
latest scientific knowledge on the kind and extent of all identifiable effects on health and welfare that
might be expected from the presence of pollutants in any body of water, including ground water. This
document is EPA’s proposal of new recommended ambient water quality criteria (AWQC) for the
protection of aquatic life based upon consideration of available information relating to effects of
cadmium on aquatic organisms, and consideration of independent external peer review and EPA
workgroup comments.

The term "water quality criteria” is used in two sections of the Clean Water Act: section
304(a)(l) and section 303(c)(2). The term has different meanings in each section. In section 304, the
term represents a non-regulatory, scientific assessment of ecological and human health effects. The
criteria presented in this document are such a scientific assessment of ecological effects. In section
303(c), the term water quality criteria refers to criteria adopted by a state as part of their legally-
binding water quality standards. Criteria in water quality standards establish the maximum
acceptable pollutant concentrations in ambient waters protective of the state’s designated uses. States
may adopt water quality criteria in their water quality standards that have the same numerical values
as EPA’s recommended section 304(a)(1) criteria. However, states may decide to adopt water quality
criteria different from EPA’s section 304 recommendations to reflect local environmental conditions
and human exposure patterns. Alternatively, states may use different data and assumptions than EPA
in deriving numeric criteria that are scientifically defensible and protective of designated uses. It is
not until their adoption as part of state water quality standards and approved by EPA (or in limited
instances promulgated by EPA) under section 303(¢) that criteria become applicable water quality
standards for Clean Water Act purposes. Information to assist the states and Indian tribes in
modifying the recommended criteria presented in this document is contained in the Water Quality
Standards Handbook (U.S. EPA 1994a). This handbook and additional information on the
development of water quality standards and other water-related programs of this agency have been
developed by the Office of Water.

This document does not establish or affect legal rights or obligations. It does not establish a
binding norm and cannot be finally determinative of the issues addressed. Agency decisions in any
particular situation will be made by applying the Clean Water Act and EPA regulations on the basis
of specific facts presented and scientific information then available.

Elizabeth Southerland
Director
Office of Science and Technology
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EXECUTIVE SUMMARY

EPA has updated the Agency’s recommended cadmium aquatic life ambient water
quality criteria in accord with provisions of §304(a) of the Clean Water Act to periodically revise
Ambient Water Quality Criteria (AWQC) in order to reflect the latest scientific knowledge.
Recommended 304(a) water quality criteria for cadmium were originally developed in 1980
(EPA 440/5-80-025, U.S. EPA 1980), and subsequently updated in 1985 (EPA 440/5-84-032,
U.S. EPA 1985c¢), 1995 (EPA-820-B-96-001, U.S. EPA 1996a) and 2001 (EPA-822-R-01-001,
U.S. EPA 2001). Cadmium aquatic life criteria are updated in this revision consistent with
methods described in U.S. EPA’s “Guidelines for Deriving Numerical National Water Quality
Criteria for the Protection of Aquatic Organisms and Their Uses” (1985 Guidelines) (Stephan et
al. 1985).

Revisions in this update are based on data that have become available since 2001.
Literature searches of laboratory aquatic toxicity tests with cadmium published prior to 2016
identified over 100 new studies containing acute and chronic toxicity data that are acceptable for
deriving the updated cadmium criteria. The relationship of cadmium toxicity to total hardness
was also updated with the newly acquired data (see Table 6 and Table 8). The 2016 update
incorporates data for 75 new species and 49 new genera. The dataset used to develop the updated
criteria is composed of 75 freshwater genera for acute toxicity (compared to 55 genera in the
2001 criteria), 20 freshwater genera for chronic toxicity (compared to 16 genera in the 2001
criteria), and 79 estuarine/marine genera for acute toxicity (compared to 54 genera in the 2001
criteria). No new chronic toxicity data were available for estuarine/marine genera.

Studies evaluating the freshwater acute toxicity of cadmium are available for nine
Federally-listed species (hereafter referred to as Listed Species). Eight of these species are fish
and one is a freshwater mussel. The most sensitive Listed species are in the family Salmonidae,
as represented by the genera Oncorhynchus (O. kisutch, O. mykiss and O. tshawytscha) and
Salvelinus (S. confluentus). Acute toxicity data are also available for the Listed freshwater
mussel Neosho mucket (Lampsilis rafinesqueana). Studies evaluating the freshwater chronic
toxicity of cadmium are available for four Federally-listed species, three of which are also
represented by the genus Oncorhynchus (O. kisutch, O. mykiss and O. tshawytscha) and one by

the genus Salmo (S. salar). Acute estuarine/marine toxicity data are available for the Listed

Xii
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Oncorhynchus kisutch. There are no acceptable chronic toxicity data for estuarine/marine Listed
species. Summaries provided in the document describe the best available data for Listed species
that have been tested for sensitivity to cadmium; these data demonstrate that the 2016 cadmium
criteria update is protective of these tested species.

Sufficient toxicity data were available to fulfill requirements of calculating acute and
chronic freshwater and acute estuarine/marine criteria using a species sensitivity distribution, as
described in the 1985 Guidelines. Data were not sufficient to calculate the chronic
estuarine/marine criterion and Acute-Chronic Ratios (ACRs) were therefore used to derive this
criterion. The Final Acute-Chronic Ratio (FACR) for this update was derived from seven genera
ACRs (two freshwater invertebrate genera, four freshwater fish genera, and one acutely sensitive
saltwater mysid genus). The freshwater ACR values used represent a range of species acute
sensitivities, from very sensitive to moderately sensitive, and have taxonomically-related marine
species. This differs from the 2001 update, where only two saltwater ACRs were available and
used to calculate the saltwater FACR; however these two species are now re-classified as a
single genus, Americamysis.

Acute and chronic hardness slopes were updated with data for several new species. The
updated acute cadmium hardness slope incorporates data for 13 species (eight species used in the
2001 criteria and five new species) (see Table 6). The updated chronic slope incorporates data
for four species (two species used in the 2001 criteria and two new species) (see Table 8). The
new chronic slope uses EC, estimates for three of the four species, instead of only Maximum
Acceptable Toxicant Concentrations (MATCs) used for the 2001 chronic slope (MATCs were
used only for Daphnia magna in the 2016 slope to retain the invertebrate species).

The 2016 freshwater and estuarine/marine Criterion Maximum Concentration (CMC) and
Criterion Continuous Concentration (CCC) values for cadmium are summarized and compared
to corresponding 2001 criteria values in Table 1. The available freshwater toxicity data for
cadmium, evaluated using procedures described in the 1985 Guidelines, indicates that freshwater
aquatic life should be protected if the 1-hour average CMC does not exceed:

CMC (ng/L, dissolved conc.) = g0-9789 x In(hardness) = 3.866) x CF (Eq. 1)

Where CF (conversion factor) = 1.136672 - [(In hardness) x (0.041838)];

and the four-day average CCC does not exceed:
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CCC (ug/L, dissolved cong.) = 07977 x Inthardness) -3909) x CF (Eq. 2)

Where the CF (conversion factor) = 1.101672 - [(In hardness) x (0.041838)].
These values are not to be exceeded more than once every three years on average.

The 2016 freshwater acute CMC is 1.8 pg/L dissolved cadmium based on a hardness of
100 mg/L as CaCOs;. The CMC was derived to be protective of the commercially and
recreationally important rainbow trout (Oncorhynchus mykiss), consistent with procedures
described in the 1985 Guidelines, and 1s also protective of all salmonid species for which toxicity
data are available. This value is lower than the 2001 CMC of 2.0 ug/L dissolved cadmium, based
on a hardness of 100 mg/L as CaCO;. The 2016 freshwater chronic CCC is 0.72 ug/L dissolved
cadmium, based on a hardness of 100 mg/L as CaCO; and is an increase (i.e., less stringent)
from the 2001 criteria of 0.25 pg/L dissolved cadmium, based on a hardness of 100 mg/L as
CaCOs. This increase is primarily due to use of ECys over MATCs, new data for existing
species and the inclusion of a new sensitive genus (Coffus), which now represents the third most
sensitive genus.

The 2016 estuarine/marine acute CMC of 33 pg/L dissolved cadmium is more stringent
than the 2001 recommended criterion of 40 pg/L, which is primarily due to the addition of three
new sensitive genera, consisting of a mysid (Neomysis), a jellyfish (Aurelia) and a copepod
(Tigriopus). The estuarine/marine chronic CCC is now 7.9 ug/L dissolved cadmium compared to
the 2001 CCC of 8.8 pug/L. Available data suggest the acute toxicity of cadmium may be
influenced by salinity, with a trend of decreasing sensitivity to cadmium with increasing salinity.
However, this trend could not be definitively characterized and a mathematical relationship

could not be described to define the dependency (see Section 5.4.1).
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Table 1. Summary of 2001 and 2016 Aquatic Life AWQC for Dissolved Cadmium.

2016 AWQC Update® 2001 AWOC?

Acute Chronic Acute Chronic
(1-hour, (4-day, (1-day, (4-day,
dissolved Cd)' | dissolved Cd dissolved Cd dissolved Cd
Freshwater
(Total Hardness = 1.8 ug/Le 0.72 ng/LL 2.0 ug/L® 0.25 ug/LL
100 mg/L as CaCO;)°
Estuarine/marine 33 ng/L 7.9 ng/L 40 ng/L 8.8 ug/L

* Values are not to be exceeded more than once every three years on average.
® Freshwater acute and chronic criteria are hardness-dependent and were normalized to a hardness of 100

mg/L as CaCO; to allow the presentation of representative criteria values.
¢ Lowered to protect the commercially and recreationally important species (rainbow trout), as per the

1985 Guidelines, Stephan et al. (1985).

¢ The duration of the 2016 acute criteria was changed to 1-hour to reflect the 1985 Guidelines-based

recommended acute duration.
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1 INTRODUCTION AND BACKGROUND

National Recommended Ambient Water Quality Criteria (AWQC) are established by the
United States Environmental Protection Agency (EPA) under the Clean Water Act (CWA).
Section 304(a)(1) aquatic life criteria serve as recommendations to states and tribes by defining
ambient water concentrations that will protect against unacceptable adverse ecological effects to
aquatic life resulting from exposure to pollutants found in water. Aquatic life criteria address the
CWA goals of providing for the protection and propagation of fish and shellfish. Once EPA
publishes final §304(a) recommended water quality criteria, states and authorized tribes may
adopt the criteria based on EPA’s recommendations and scientific information into their water
quality standards to protect designated uses of water bodies. States and authorized tribes may
also adopt criteria to reflect site-specific conditions or use other scientifically-defensible
methods to develop standards. After adoption, states are to submit new and revised water quality
standards (WQS) to EPA for review and approval or disapproval. When approved by EPA, the
state’s WQS become applicable WQS for CWA purposes. Such purposes include identification
of impaired waters and establishment of TMDLs under CWA section 303(d) and derivation of
water quality-based effluent limitations in permits issued under the CWA section 402 National
Pollutant Discharge Elimination System (NPDES) permit program.

As required by the CWA, EPA periodically reviews and revises 304(a) AWQC to ensure
they are consistent with the latest scientific information. Once peer reviewed and finalized, this
2016 update will supersede the AWQC for cadmium that was last updated in 2001 (EPA-822-R-
01-001, U.S. EPA 2001). The cadmium water quality criteria provided in this document were
updated in accordance with methods outlined in the Agency’s “Guidelines for Deriving
Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and Their
Uses” (referred to as the 1985 Guidelines) (Stephan et al. 1985). This document describes
scientifically defensible water quality criteria values for cadmium pursuant to CWA §304(a),
derived utilizing best available data in a manner consistent with the 1985 Guidelines and

reflecting best professional scientific judgments of toxicological effects.

1.1 History of the EPA Cadmium AWQC for Aquatic Life
EPA first published AWQC for cadmium in 1980 (EPA 440/5-80-025), and updated the
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criteria in 1985 (EPA 440/5-84-032), 1995 (EPA-820-B-96-001) and again in 2001 (EPA-822-R-
01-001"). Each update supersedes the previous EPA aquatic life water quality criteria and uses
the most recent data to estimate maximum and continuous concentrations of cadmium that would
protect most aquatic organism populations from unacceptable short- or long-term effects.

The 1980 acute and chronic freshwater and saltwater criteria were expressed as total
recoverable cadmium. The acute and chronic freshwater criteria were adjusted for ambient water
hardness since the presence of calcium and other ions in freshwater are known to reduce the
toxicity of cadmium. An acute saltwater criterion was calculated and the effects of temperature
and salinity were considered, but no clear relationship to toxicity could be established with the
available data, thus the acute saltwater criteria was not adjusted for temperature. Because of a
limited dataset at the time, a chronic saltwater criterion was not developed. Data for aquatic
plants indicated that a reduction in growth occurred at concentrations above the lowest effect
concentrations for fish and invertebrates, so aquatic life criteria were not developed for plants.

The 1985 criteria update was developed using the measurement of acid-soluble cadmium
instead of total recoverable cadmium, based on the conservatism of using total recoverable
cadmium in situations where it is occluded in minerals, clays, and sand, or strongly sorbed to
particulate matter. While the 1985 criteria provided extensive scientific and practical rationale
for using acid-soluble cadmium measurements, no standard analytical method was available. In
the absence of an EPA-approved method for the measurement of acid-soluble cadmium, total
recoverable cadmium was considered the preferred concentration measure.

Acute toxicity values for 44 freshwater genera (52 species) were used for the 1985
criteria update to develop a Final Acute Value (FAV), which was lowered further to protect the
commercially important rainbow trout, the most sensitive species. The acute freshwater criterion
was set at 3.589 ug/L at a hardness of 50 mg/L as CaCOs not to be exceeded over a 1-hour
average more than once every 3 years, on average. Acute toxicity values were available at that
time for 35 estuarine/marine species (33 genera) and the most sensitive genera was Mysidopsis
(Table 2). Acute toxicity was generally found to increase with decreasing salinity, while the
effect of temperature on acute toxicity appeared to occur on a species-specific basis. However,

correction factors were not developed for either due to limitations in supporting data. The
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estuarine/marine FAV was 85.09 ug/L, not to be exceeded over a 1-hour average more than once
every 3 years, on average.

Chronic freshwater toxicity values used to derive the 1985 criteria were available for 16
species (13 genera). The Final Chronic Value (FCV) was calculated in the same manner as the
FAV because the acute-to-chronic ratios, which were available for eight species, varied widely.
The resulting freshwater FCV was 0.6582 ug/L at a hardness of 50 mg/L as CaCOs, not to be
exceeded over a 4-day average more than once every 3 years, on average. The mean acute-to-
chronic ratio for two saltwater species was used to calculate an estuarine/marine FCV of 9.345
ug/L, not to be exceeded over a 4-day average more than once every 3 years, on average.

The 1995 criteria revision (U.S. EPA 1996a) updated freshwater criteria based on the
incorporation of new acute and chronic data and the re-evaluation of existing data. Several
Species Mean Acute Values (SMAVs) were changed based on a preference for flow-through
tests and measured test concentrations. Data from tests conducted with uncharacterized river
water were removed from the acceptable acute dataset. The resulting acute dataset consisted of
43 Genus Mean Acute Values (GMAVs). The FAV was 4.134 ug/L total recoverable cadmium,
normalized to a hardness of 50 mg/L. The FAV was not lowered to protect a commercially or
recreationally important species. Genus Mean Chronic Values (GMCVs) were changed based on
the availability of additional test data, the removal of two test values conducted in river water,
and the removal of a test value where cadmium concentrations were not measured. The resulting
chronic dataset consisted of 12 GMCVs. The FCV was calculated using an “N” of 43, which was
the number of GMAVs, rather than 12, the number of GMCVs. The FCV was 1.429 ug/L total
recoverable cadmium, normalized to a hardness of 50 mg/L.

The 2001 criteria update was based on dissolved cadmium (passing through a 0.45 um
filter) to more accurately account for bioavailability and reflect the latest EPA policy for metals
risk assessment (U.S. EPA 1993b). Freshwater SMA Vs for cadmium were available for 65
species in 55 genera (24 fish, 39 invertebrates, 1 frog, and 1 salamander) (Table 2). The most
sensitive vertebrate species was brown trout (Sa/mo trutta). The most sensitive invertebrate
species was Daphnia magna, which was approximately nine times less sensitive than brown
trout. Freshwater criteria were corrected for hardness based on separate acute and chronic

cadmium toxicity versus hardness slopes that were generated using acute data for 12 species and
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chronic data for three species. Conversion factors were applied to convert total recoverable to
dissolved cadmium concentrations.

Acceptable freshwater chronic test data were available for 14 fish species and 7
invertebrate species (Table 2), with the amphipod Hyalella azteca identified as the most
sensitive species in the 2001 criteria. Acute-to-chronic ratios were calculated for 6 species. The
2001 estuarine/marine acute criterion was based on SMAVs for 61 species in 54 genera (50
invertebrates and 11 fish species) (Table 2), with mysids and striped bass identified as the most
sensitive species. Chronic saltwater tests were available for two mysid species, from which acute-
to-chronic ratios were calculated.

Bioconcentration factors (BCFs) reported in the 2001 criteria document for freshwater
species ranged from 7 to 6,910 for invertebrates and from 3 to 2,213 for fishes. BCFs for
saltwater invertebrates ranged from 5 to 3,160. Toxicity values for freshwater and saltwater
aquatic plants were reviewed and acute values were found to be in the same range as toxicity
values for fish and invertebrates, while chronic values were found to be considerably higher.

The resulting 2001 freshwater CMC was 2.0 pg/L dissolved cadmium and the resulting
freshwater CCC was 0.25 ug/L dissolved cadmium, when normalized to a total hardness of 100
mg/L as CaCOs. The 2001 saltwater CMC was 40 ug/L dissolved cadmium, while the 2001
saltwater CCC was 8.8 pg/L.

Table 2. Number of Aquatic Species Included in Cadmium AWQC.
Kreshwater Estuarine/Marin | Estuarine/Marine
FEreshwater Acute . .
Chronice e Acute C hronic

1980 29 13 31 1
1985 52 16 35 2
1995 NA® NA NA NA
2001 65 21 61 2
2016 101 27 94 2

*NA = Not Available

For the 2016 update, EPA conducted a literature search and review of acute and chronic

toxicity data that have become available since the 2001 update. This update incorporates

additional toxicity data for the development of both freshwater and estuarine/marine acute and

chronic criteria and new toxicity data related to water hardness, which remains the primary
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quantitative correlation used to modify metal toxicity estimates in fresh water (U.S. EPA 1996a).
EPA also re-evaluated studies with Hyalella azteca and freshwater mussel glochidia (a larval
stage of unionid mussels), both of which were used in the development of the 2001 criteria. EPA
re-evaluated studies with H. azteca because recent research has shown that the outcome of
toxicity tests with H. azteca can be impacted by culture and test conditions (e.g., chloride
concentration, food quantity and composition) and that tests using standard recommended test
methods may not be acceptable. All Hyalella studies were therefore re-evaluated for
acceptability with newly developed guidelines (Appendix K). The acceptable duration of tests
using glochidia was also reconsidered. Glochidia are a larval stage of unionid freshwater mussels
that occur in the water column and remain viable for only a limited period of time prior to
attaching to a host fish. The duration of an acceptable toxicity test was adjusted to 24 hours to
account for potential adverse effects to glochidia during this larval stage, as recent information
indicates that glochidia can be the most sensitive life stage for some chemicals and plays an

important role in the viability of unionid mussel populations.
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2 PROBLEM FORMULATION

Problem formulation provides a strategic framework to develop water quality criteria by
providing an overview of a chemical’s sources and occurrence, fate and transport in the
environment, and toxicological characteristics and factors affecting toxicity. A problem
formulation uses this information to develop a conceptual model and identify the most relevant
chemical properties and endpoints for evaluation. The structure of the problem formulation
developed for cadmium is consistent with U.S. EPA’s Guidelines for Ecological Risk

Assessment (U.S. EPA 1998).

2.1 Overview of Cadmium Sources and Occurrence

Cadmium is a relatively rare, naturally occurring metal found in mineral deposits and
distributed widely at low concentrations in the environment. Cadmium is a minor metallic
element that was first discovered in Germany in 1817 as a by-product of the zinc refining
process (International Cadmium Association 2013). The primary current industrial uses of
cadmium are for manufacturing batteries, pigments, plastic stabilizers, metal coatings, alloys and
electronics (Fulkerson and Goeller 1973; Hutton 1983; Pickering and Gast 1972; Wilson 1988).
Nickel-cadmium (NiCd) batteries account for the majority (over 80%) of global cadmium
consumption, followed by its use in pigments, coatings and plating, stabilizers for plastics,
nonferrous alloys and other specialized uses (e.g., photovoltaic devices) (USGS 2013). Of
particular note is the recent use of cadmium (as cadmium selenide or cadmium sulfide) in the
manufacture of nanoparticles (also referred to as quantum dots) used as a semiconductor in
photovoltaic devices (e.g., solar cells and emitters for color displays). The ecological and
toxicological effects of these emerging materials to aquatic organisms are largely unknown at
this time, and therefore represent a new source of cadmium to the environment (Tang 2013).
Demand for cadmium has increased based on its use in NiCd batterics, while more traditional
uses of cadmium in coatings, pigments and stabilizers have been declining due to environmental
and health concerns (USGS 2013). Cadmium is also present as an impurity in zinc, lead and
copper ore mine wastes, fossil fuels, iron and steel, cement, and fertilizers (Cook and Morrow
1995; International Cadmium Association 2013), and is present as a natural or introduced

constituent in inorganic phosphate fertilizers (MNDH 2014).
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In 2012, approximately 70 percent of the world’s new cadmium supply was produced in
Asia, with China, the Republic of Korea and Japan representing the leading producers (USGS
2013). Cadmium is no longer actively mined in the U.S. or Canada (USGS 2013), but it is
produced domestically as a by-product of the extraction, smelting and refining of zinc, copper
and lead ores. A leading source of cadmium (23% of the global supply) is from the recovery of
spent NiCd batteries and other cadmium-bearing scrap materials (International Cadmium
Association 2013; USGS 2013). In 2010, an estimated 637 metric tons of refined cadmium was
produced domestically from recovered materials (USGS 2013). The amount of cadmium
contained in products imported to the U.S. in 2007 was estimated to be about 1,900 metric tons
(USGS 2007).

Cadmium concentrations in natural sources vary with geographic location and type of
deposit. Concentrations of cadmium in mineral deposits, such as mineral sulfides, typically range
from 0.1 to 0.2 mg/kg, with an average concentration of 0.18 mg/kg (Babich and Stotzky 1978;
EC 2001; Nriagu 1980). As a phosphate rock impurity, cadmium can vary in concentration from
as low as 0.1 mg/kg in Tennessee ores to as high as 980 mg/kg in western ores (U.S. EPA
1993a). In the U.S., cadmium concentrations in coal range from 5.47 mg/kg in the Interior
Province, to 2.89 mg/kg in the lllinois Basin, 0.28 mg/kg in Alaska, and 0.13 mg/kg in the
Appalachian region. This range in cadmium concentration depends on the type of coal, with
bituminous coal having the highest average concentration (0.91 mg/kg) and anthracite coal
having the lowest average concentration (0.22 mg/kg).

Cadmium enters the environment as a result of both natural processes (weathering and
erosion of rock and soils, natural combustion from volcanoes and forest fires) and anthropogenic
sources (mining, agriculture, urban activities, and waste streams from industrial processes,
manufacturing, coal ash ponds/pits, fossil fuel combustion, incineration and municipal effluent)
(Hem 1992; Hutton 1983; Morrow 2001; Pickering and Gast 1972; Shevchenko et al. 2003; U.S.
EPA 2016; WHO 2010). Anthropogenic sources account for more than 90 percent of the total
cadmium present in surface water, with atmospheric particulate deposition from fossil fuel
combustion (including coal) contributing approximately 40 percent of the total cadmium present
in surface water (Wood et al. 2012). The agricultural application of phosphate fertilizer releases
33 to 56 percent of total anthropogenic cadmium to the environment (Pan et al. 2010; Panagapko

2007). Waste from cement manufacturing and metallurgic smelting and refining operations
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account for the other major sources (Pan et al. 2010; Wood et al. 2012).

In the U.S., industrial and manufacturing facilities and mining operations report the
volume of cadmium and other toxic substances released to the environment via the U.S. EPA
Toxics Release Inventory (TRI). Data from the TRI indicate the average yearly release of
cadmium and cadmium compounds to the environment from all industries (between 2002 and
2012) ranged from approximately 2.6 million pounds in 2009 to 10 million pounds in 2012. In
coastal zones, continental riverine runoff represents a major secondary source of cadmium to
estuaries and adjoining coastal waters (Cullen and Maldonado 2013), and elevated cadmium
concentrations are often detected in runoff from urban and industrial areas, which increases the
loading of cadmium to nearby waterways and sediments (Gobel et al. 2007).

Cadmium concentrations in unpolluted freshwaters are typically very low and frequently
below analytical detection limits (Mebane 2006). In natural waters, cadmium co-occurs with zinc
at a dissolved Cd/Zn ratio of approximately 0.3 percent (Wanty et al. 2009). Dissolved cadmium
concentrations in unpolluted waters of the U.S. have been estimated to range from 0.002 to 0.08
ug/L (Stephan et al. 1994). Surface water monitoring of the Great Lakes between 2003 and 2006
indicated cadmium concentrations ranging from <0.001 pg/L (below detection limit) to 0.015
ng/L in Lake Huron, 0.098 pg/L in Lake Erie, 0.028 pg/L in Lake Ontario, 0.015 pg/L in Lake
Superior and 0.005 ug/L in Lake Michigan (Lochner and Water Quality Monitoring and
Surveillance 2008; Rossmann and Barres 1992). Cadmium concentrations in the world’s oceans
are estimated to range from <0.005 to 0.110 ug/L, with higher concentrations reported near some
coastal areas (Cook and Morrow 1995; Elinder 1985; Jensen and Bro-Rasmussen 1992; OECD
1994; Pan et al. 2010; WHO 1992). Cadmium concentrations in surface waters of impacted
environments are frequently 2-3 ug/L or greater (Abbasi and Soni 1986; Allen 1994; Annune et
al. 1994; Flick et al. 1971; Friberg et al. 1971; Henriksen and Wright 1978; Nilsson 1970; Spry
and Wiener 1991).

2.2 Environmental Fate and Transport of Cadmium in the Aquatic
Environment

Cadmium has two oxidation states. The metallic state (Cd") is insoluble and rarely

present in water, while several salts of the divalent state (e.g., CdCl, and CdSO,) freely dissolve
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in water (Merck 1989). Divalent cadmium is the predominant form in most well oxygenated
freshwaters that are low in organic carbon. The physical and chemical properties of cadmium are

summarized in Table 3.

Table 3. Physical and Chemical Properties of Cadmium.

CAS Registry Number 7440-43-9

Atomic weight 112.40 g/mol

Physical form Soft, white solid

Density 8.64 g/cm’ (@ room temperature)

Melting point* 321°C

Boiling point* 765°C

Vapor pressure® 1 torr at 394°C

Water solubility (g/L)*
Cadmium Insoluble
Cadmium carbonate (CdCO:3) Insoluble
Cadmium chloride (CdCl) 1400 @ 20°C
Cadmium hydroxide (Cd(OH),) 0.0026 @ 26°C
Cadmium nitrate (Cd(NOs),) Soluble
Cadmium sulfate (CdSOs) 755 @ 0°C

2 Reference: Merck 1989.
b Reference: ATSDR 2012.

Upon entering the freshwater or estuarine/marine aquatic environment, cadmium
becomes strongly adsorbed to clays, muds, humic and organic materials and some hydrous
oxides (Watson 1973). This complexation tends to remove cadmium from the water column by
precipitation (Lawrence et al. 1996), where it may not be bioavailable except to benthic feeders
and bottom dwellers (Callahan et al. 1979; Kramer et al. 1997). It is estimated that up to 93
percent of cadmium entering surface waters will react with constituents in the water column and
will be removed to sediments (Lawrence et al. 1996), and the formation of these complexes 1s
considered to be the most important factor in determining the fate and transport of cadmium in
the aquatic environment.

Once in sediments, cadmium can be re-suspended in particulate form or can return to the
water column in dissolved form following hydrolysis or via upwelling in coastal zones (Bewers
etal. 1987; U.S. EPA 1979). The solubility of cadmium compounds in water depends both on the
specific cadmium compound (Table 3) and on abiotic conditions, such as pH, alkalinity,

hardness and organic matter. Sorption processes, for example, become increasingly important
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with increasing pH.

2.3 Mode of Action and Toxicity

Cadmium is a non-essential metal (NRC 2005) with no biological function in aquatic
animals (Eisler 1985; Lee et al. 1995; McGeer et al. 2012; Price and Morel 1990; Shanker 2008).
In one study comparing the acute toxicity of all 63 atomically stable heavy metals in the periodic
table, cadmium was found to be the most acutely toxic metal to the amphipod, Hyalella azteca,
based on the results of seven-day acute aquatic toxicity tests (Borgmann et al. 2005). In addition
to acute toxicity, cadmium is a known teratogen and carcinogen, is a probable mutagen and is
known to induce a variety of other short- and long-term adverse physiological effects in fish and
wildlife at both the cellular and whole-animal level (ATSDR 2012; Eisler 1985; Okocha and
Adedeji 2011). Chronic exposure leads to adverse effects on growth, reproduction, immune and
endocrine systems, development, and behavior in aquatic organisms (McGeer et al. 2012). Other
toxic effects include histopathologies of the gill, liver and kidney in fish, renal tubular damage,
alterations of free radical production and the antioxidant defense system, immunosuppression,
and structural effects on invertebrate gills (Giari et al. 2007; Jarup et al. 1998; McGeer et al.
2011; Okocha and Adedeji 2011; Shanker 2008).

Toxic effects are thought to result from the free ionic form of cadmium (Goyer et al.
1989), which causes acute and chronic toxicity in aquatic organisms primarily by disrupting
calcium homeostasis and causing oxidative damage. In freshwater fish, cadmium competes with
calcium at high affinity binding sites in the gill membrane and blocks the uptake of calcium from
water by interfering with 1on uptake in specialized calcium channels that are located in the
mitochondria-rich chloride cells (Carroll et al. 1979; Evans 1987; McGeer et al. 2012; Morel and
Hering 1993; Pagenkopf 1983; Tan and Wang 2009). The combined effect of competition for the
binding sites and blockage of calcium uptake on the gill membrane results in acute
hypocalcaemia in freshwater fish, which is characterized by cadmium accumulation in tissues as
well as decreased calctum concentrations in plasma (McGeer et al. 2011; Roch and Maly 1979;
Wood et al. 1997). This mechanism is also thought to be the target of cadmium toxicity in
marine fish (McGeer et al. 2012; Schlenk and Benson 2005), although cadmium is generally

considered to be less toxic in sea water than in fresh water. The lesser sensitivity of marine fish
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and aquatic organisms in general may be both a function of physiology and environmental
condition. Rocha et al. (2015) observed an increase in catalase activity (oxidative stress) in the
marine mussel, Mytilus galloprovincialis, suggesting a possible mode of action for this taxon.
Mebane et al. (20006), for example, suggests the energy demands for fish to maintain homeostasis
in the lower 1onic composition freshwater environment may make fish more sensitive to metals,
such as cadmium, which inhibit ion regulation. Higher levels of calcium and chloride in seawater
are also believed to compete to a greater degree with cadmium, potentially making it less
bioavailable to aquatic life (Engel and Flower 1979). However, application of the calcium
competition for apical entry and the subsequent osmoregulatory disturbance toxicity mechanism
for insects has been questioned by Poteat and Buchwalter (2013). Their research (Poteat et al.
2012, 2013) has demonstrated the lack of interaction between calcium and cadmium at the apical
surface of aquatic insects in dissolved exposures. Cadmium exposure is also associated with the
disruption of sodium balance and accompanying Na'/K"-ATPase activity (Atli and Canli 2007).
Once inside the cell, cadmium can disrupt enzymatic function (Okocha and Adedeji 2011), by
either directly affecting Ca-ATPase activity or inhibiting antioxidant processes. Cadmium also
inhibits enzymes such as catalase, glutathione reductase, and superoxide dismutase and reducing
agents such as GSH, ascorbate, b-carotene and a-tocopherol, all of which can lead to the
generation of excess reactive oxygen species and reduced ATP production (McGeer et al. 2012).

Cadmium can bioaccumulate in aquatic organisms, with total uptake depending on the
environmental cadmium concentration, exposure route and the duration of exposure (Annabi et
al. 2013; Francis et al. 2004; McGeer et al. 2000; Roméo et al. 1999). Cadmium concentrations
typically build up in tissues at the site of exposure, such as the gill surface and gut tract wall
(Chevreuil et al. 1995). Cadmium is then transferred via circulation to nearly all other tissues and
organs, with the liver and kidney (in addition to the gill or gut) typically accumulating high
concentrations relative to muscle tissues (Annabi et al. 2013; McGeer et al. 2012). Although
cadmium bioaccumulates in some aquatic species, there does not appear to be a consistent
relationship between body burden and toxicological effect. In a detailed review of this
relationship, Mebane (2006) concluded that for both aquatic invertebrates and fish, tissue
concentrations associated with adverse effects regularly overlap with tissue concentrations where
no adverse effects were observed. This inconsistent relationship between whole body tissue

concentration and effect may be related to specific organs and/or tissues within which the
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accumulation is occurring and which would not be accurately quantified by whole body tissue
residue analysis, and/or to the metabolic bioavailability of cadmium in tissues. Detoxification
mechanisms in aquatic organisms, including the formation and activation of antioxidants,
metallothionein, glutathione, and heat shock proteins (McGeer et al. 2011), effectively sequester
the metal in a detoxified form, thereby allowing the organism to accumulate elevated levels of
cadmium before displaying a toxic response. While the amount of detoxified metal that an
aquatic organism can accumulate is theoretically unlimited, an organism will only experience
toxic effects once the concentration of metabolically available metal is exceeded (Mebane 2006;
Rainbow 2002). Under natural conditions, most accumulated cadmium in tissues is expected to
exist in the detoxified state, which may explain the poor relationship between toxic effect and
whole body tissue residue concentrations of trace metals reported by Rainbow (2002) for aquatic
invertebrates and fish. Mebane (2006) concluded that, although there were not adequate data to
establish acceptable tissue effect concentrations for aquatic life, cadmium is unlikely to
accumulate in tissue to levels that would result in adverse effects to aquatic invertebrates or fish
at calculated chronic criterion concentrations. The evaluation of direct exposure effects to
organisms via water 1s therefore considered more applicable to the development of criteria for
aquatic life.

Mammals and avian wildlife could be exposed to cadmium within prey and abiotic media
while foraging in aquatic habitats or via the ingestion of prey that have bioaccumulated cadmium
from the aquatic environment. Although few adverse effects to mammals and avian wildlife have
been demonstrated from the presence of cadmium in the aquatic environment, a number of
laboratory-based investigations have demonstrated a range of sublethal and lethal toxic effects,
the majority of which are associated with chronic exposure (Burger 2007; Cooke and Johnson
1996; Eisler 1985; Furness 1996; Henson and Chedrese 2004). However, the biological integrity
of aquatic systems is considered to be at greater risk from cadmium than terrestrial systems
based on the greater sensitivity of aquatic organisms relative to birds and mammals (Burger
2007; Wren et al. 1995). Freshwater biota are the most sensitive to cadmium, marine organisms
are generally considered to be more resistant than freshwater organisms, while mammals and
birds are considered to be comparatively resistant to cadmium (Burger 2007; Eisler 1985). Based
on this trend, criteria that are protective of aquatic life are also considered to be protective of

mammalian and avian wildlife (including aquatic-dependent wildlife) and are accordingly the
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focus of this evaluation.

2.3.1 Water quality parameters affecting cadmium toxicity

Water quality parameters such as hardness, pH, salinity, alkalinity, some metals, and
organic carbon can alter the toxicity of metals to aquatic organisms. When adequate data are
available, water quality criteria can be adjusted to quantify how these environmental factors
affect the toxicity of a chemical. Water hardness, which is the amount of minerals (primarily
calcium and to a lesser extent magnesium) dissolved in surface water, is one important water
quality parameter influencing the toxicity of cadmium.

The acute toxicity of cadmium has been shown to decrease with increasing water
hardness in most tested freshwater animals (Sprague 1985). Available data for 14 genera
(representing six of the eight required Minimum Data Requirements (MDR) families) listed in
Appendix A indicate that cadmium is more acutely toxic in soft than in hard water. Acute tests
conducted with Daphnia magna at three different water hardness levels, for example,
demonstrate that daphnids are at least five times more sensitive to cadmium in soft water than in
hard water (Chapman et al. 1980). Similarly, the acute toxicity of cadmium to D. magna was
reduced (48-hr LCs increased from 7.5 to 24.8 pug/L) as the calcium concentration was increased
from 0.46 to 192 mg/L (Tan and Wang 2011). The ability of calcium to reduce the toxicity of
cadmium was also observed in water with D. pulex (Clifford and McGeer 2010), rainbow trout
(Oncorhynchus mykiss) (Niyogt et al. 2008) and brook trout (Salvelinus fontinalis) (Carroll et al.
1979).

In addition to hardness, other water quality characteristics have been shown to influence
the toxicity of cadmium to aquatic species. Increased levels of dissolved organic carbon, for
example, have been shown to reduce the toxicity of cadmium to daphnids by reducing the
bioavailability of cadmium through complexation (Clifford and McGeer 2010; Giesy et al. 1977,
Niyogi et al. 2008). Conversely, other water chemistry variables, including magnesium, pH and
alkalinity have been shown to have little or no effect on cadmium toxicity (Clifford and McGeer
2010; Niyogi et al. 2008). The relationship between salinity and temperature and cadmium
effects could not be quantitatively established. These analyses are described in detail in Section

S5.4.1.
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Development of an initial (phase I) biotic ligand model (BLM — formerly the “gill
model”) was attempted for cadmium to better account for the bioavailability of this metal to
aquatic life. The cadmium BLM is based on a conceptual model similar to the gill site model
proposed by Pagenkopt (1983), but it is recognized that the gill itself may be a general surrogate
for the actual site of toxic action. For cadmium, it is thought that more highly specific enzymatic
binding sites affecting the activity of Ca**-ATPase may be the actual site of toxic action (Fu et
al. 1989; Hogstrand and Wood 1996). Based on the preliminary findings in 2003 during the
Phase I development of a cadmium BLM (HydroQual 2003) a significant pH effect was also
observed when pH was decreased from 7.0 to 4.7 for steelhead trout, Oncorhynchus mykiss. In
the BLM framework, this was explained as a competitive interaction between H' and Cd*" at the
biotic ligand, rather than a change in cadmium speciation. Preliminary results for the cadmium
BLM for more complex interactions indicate the effect levels should generally increase with
increasing DOC, pH and hardness (both as calcium and magnesium) (U.S. EPA 2004). Further
development of the BLM for cadmium may help to better quantify the bioavailable fraction of
this chemical. However, because hardness is a surrogate for other ions affecting cadmium
toxicity, and based on available data, EPA believes that a cadmium BLM model 1s not necessary

for the current criteria update.

2.4 Conceptual Model

A conceptual model characterizes relationships between human activities, stressors, and
ecological effects on the assessment endpoints identified for evaluation (U.S. EPA 1998). The
conceptual model links exposure characteristics with the ecological endpoints important for the
development of management goals. Under the CWA, these management goals are established by
states and tribes as designated uses of waters of the United States (for example, the protection of
aquatic life). In deriving aquatic life criteria, EPA is developing acceptable thresholds for
pollutants that, if not exceeded, are expected to be protective of aquatic life. A state and/or tribe
may implement these criteria by adopting them into their respective water quality standards.

The conceptual model depicted in Figure 1 provides a broad overview of how aquatic
organisms could be exposed to cadmium. As depicted in Figure 1 and discussed in Section 2.1,

cadmium enters the environment from both natural and anthropogenic sources. Natural sources
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of cadmium, which largely result from the weathering and erosion of rock and soils, represent a
relatively minor source to the environment compared to anthropogenic sources. Although there
are multiple anthropogenic sources (see Section 2.1), emissions of cadmium to the atmosphere
(e.g., combustion, smelting/refining, and manufacturing) and contributions from leaching/runoff
(via the application of phosphate fertilizers) represent the major cadmium inputs (40 and up to 56
percent, respectively) to surface water (Pan et al. 2010).

Up to 93 percent of cadmium entering surface water will react with organic and inorganic
constituents in the water column, including particulate matter, iron oxides, and clay materials,
and will be removed to sediments (Lawrence et al. 1996). Sediments are therefore a reservoir for
cadmium in the aquatic environment and can become a source of exposure for benthic and water
column dwelling aquatic life and higher trophic level species. Figure 1 depicts exposure
pathways for the biological receptors of concern (e.g., aquatic animals) and the potential attribute
changes (i.e., effects such as reduced survival, growth and reproduction) in those receptors from
cadmium exposure. Although the multiple potential exposure pathways depicted in Figure 1 are
likely to be complete, the development of the water quality criteria for cadmium focuses on
evaluating the direct exposure of aquatic life to cadmium in surface water because this potential
exposure pathway, and the potential for adverse effects on survival, growth, and reproduction
from direct aqueous exposure, is considered to represent the greatest potential risk to most
aquatic species, and is consistent with the approach established in the 1985 Guidelines.
Nevertheless, consideration of the fate and transport mechanisms, exposure pathways, and
receptors depicted in Figure 1 may be helpful for states and tribes as they adopt criteria into

standards and evaluate potential exposure pathways affecting designated uses.
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Figure 1. Conceptual Model Depicting the Major Sources, Transport and Exposure Media
and Ecological Effects of Cadmium in the Environment.
(Note: Solid line indicates potentially important pathway/media/receptor; dashed line indicates secondary

pathway/media/receptor).

2.5 Assessment Endpoints

Assessment endpoints are defined as the explicit expressions of the environmental values

to be protected and are comprised of both the ecological entity (e.g., a species, community, or

other entity) and the attributes or characteristics of the entity to be protected (U.S. EPA 1998).

Assessment endpoints may be identified at any level of organization (e.g., individual, population,

community). In context of the CWA, aquatic life criteria for toxic substances are typically

determined based on the results of toxicity tests with aquatic organisms, for which adverse

effects on growth, reproduction, or survival are measured. This information is aggregated into a

species sensitivity analysis that characterizes an impact to the aquatic community. Criteria are

designed to be protective of the vast majority of aquatic animal species in an aquatic community

(i.e., approximately the 95" percentile of tested aquatic animals representing the aquatic
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community). Assessment endpoints consistent with the criteria developed in this document are
summarized in Table 4.

The concept of using laboratory toxicity tests to protect North American bodies of water
and resident aquatic species and their uses is based on the theory that effects that occur on a
species in appropriate laboratory tests will generally occur on the same species in comparable
field situations. Since aquatic ecosystems are complex and diversified, the 1985 Guidelines
require acceptable data be available for at least eight genera with a specified taxonomic diversity
(the standard eight-family minimum data requirement, or MDR). The intent of the eight-family
MDR is to serve as a typical surrogate sample community representative of the larger and
generally much more diverse natural aquatic community, not necessarily the most sensitive
species in a given environment. For many aquatic life criteria, enough data are available to
describe a species sensitivity distribution to represent the distribution of sensitivities in natural
ecosystems. In addition, since aquatic ecosystems can tolerate some stress and occasional
adverse effects, protection of all species at all times and places are not deemed necessary (the
intent is to protect 95 percent of a group of diverse taxa, and any commercially and
recreationally important species). Thus, if properly derived and used, the combination of a
freshwater or estuarine/marine acute CMC and chronic CCC should provide an appropriate
degree of protection of aquatic organisms and their uses from acute and chronic toxicity to

animals, toxicity to plants, and bioaccumulation by aquatic organisms (Stephan et al. 1985).

2.6 Measurement Endpoints

Assessment endpoints require one or more measures of ecological effect, which are
termed “measurement endpoints”. Measurement endpoints are the measures of ecological effect
used to characterize or quantify changes in the attributes of an assessment endpoint or changes in
a surrogate entity or attribute, in this case a response to chemical exposure. Toxicity data are
used as measures of direct and indirect effects on representative biological receptors. The
selected measures of effect for the development of aquatic life criteria encompass changes in the
growth, reproduction, and survival of aquatic organisms.

The toxicity data used for the development of aquatic life criteria depend on the

availability of applicable toxicity test outcomes, the acceptability of test methodologies, and an
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in-depth evaluation of the acceptability of each specific test, as performed by EPA. Measurement
endpoints for the development of aquatic life criteria are derived using acute and chronic toxicity
studies for representative test species, which are then quantitatively and qualitatively analyzed,
as described in the Analysis Plan below. Measurement endpoints considered for each assessment
endpoint in this criteria document are summarized in Table 4. The following sections discuss

toxicity data requirements for the fulfillment of these measurement endpoints.

Overview of Toxicity Data Requirements

EPA has specific data requirements to assess the potential effects of a stressor on an
aquatic ecosystem and develop 304(a) aquatic life criteria under the CWA. Acute toxicity test
data for species from a minimum of eight diverse taxonomic groups are required for the
development of acute criteria to ensure the protection of various components of an aquatic

ecosystem.

e Acute freshwater criteria require data from the following taxonomic groups:

the family Salmonidae in the class Osteichthyes
a second family in the class Osteichthyes, preferably a commercially or
recreationally important warmwater species (e.g., bluegill, channel catfish)

o athird family in the phylum Chordata (may be in the class Osteichthyes or may
be an amphibian)
a planktonic crustacean (e.g., cladoceran, copepod)
a benthic crustacean (e.g., ostracod, isopod, amphipod, craytish)

o an insect (e.g., mayfly, dragonfly, damselfly, stonefly, caddisfly, mosquito,
midge)

o afamily in a phylum other than Arthropoda or Chordata (e.g., Rotifera, Annelida,
Mollusca)

o afamily in any order of insect or any phylum not already represented

e Acute estuarine/marine criteria require data from the following taxonomic groups:

two families in the phylum Chordata
a family in a phylum other than Arthropoda or Chordata
a family from either Mysidae or Penacidae

o O O O

three other families not in the phylum Chordata (may include Mysidae or
Penacidae, whichever was not used above)
o any other family

Chronic toxicity test data (longer-term effects on survival, growth, or reproduction) are
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generally required for a minimum of three taxa, with at least one chronic test being from an
acutely-sensitive species. Acute-chronic ratios (ACRs) can be calculated with data for species of
aquatic animals from at least three different families if the following data requirements are met:

e atleastoneis a fish

e atleast one is an invertebrate

¢ at least one is an acutely sensitive freshwater species, for freshwater chronic criterion (the
other two may be saltwater species)

o atleast one is an acutely sensitive saltwater species for estuarine/marine chronic criterion
(the other two may be freshwater species)

Because acceptable chronic values for all eight MDRs were available for cadmium in
fresh water, the chronic criterion was derived following the same genus level sensitivity
distribution (SD) approach used to calculate the acute criterion (see the 1985 Guidelines for
additional detail). The chronic estuarine/marine criterion for cadmium was derived using the
ACR approach.

The 1985 Guidelines also require at least one acceptable test with a freshwater alga or
vascular plant. If plants are among the aquatic organisms most sensitive to the chemical, results
of a plant in another phylum should also be available. Data on toxicity to aquatic plants are
examined to determine whether plants are likely to be unacceptably affected by concentrations
below those expected to cause unacceptable effects on aquatic animals. However, as discussed in
Section 2.7, the relative sensitivity of fresh and estuarine/marine algae and plants to cadmium
(Appendix E and Appendix F) is less than vertebrates and invertebrates, so plant criteria are not

developed.
Measures of Effect

Measure ofcadmium exposure concentration

Consistent with previous AWQC documents for cadmium, only effects data from tests
that used the following cadmium salts (either anhydrous or hydrated) were used for development
of the AWQC:

e cadmium chloride (CdCl,) (CAS # 10108-64-2)
e cadmium nitrate (Cd(NOs),) (CAS # 10325-94-7)
e cadmium sulfate (CdSOs) (CAS # 10124-36-4)
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Measured concentrations of cadmium can be expressed as either total recoverable
cadmium, acid-soluble cadmium, or total dissolved cadmium (using a conversion factor) based
on the different forms of cadmium present in the aquatic environment. Previous aquatic life
criteria for cadmium were expressed either in terms of total recoverable cadmium (U.S. EPA
1980; 1983a) or as acid-soluble cadmium (U.S. EPA 1985c¢). Since 1993, EPA has recommended
using dissolved metal concentrations (defined as the metal in solution that passes through a 0.45-
um membrane filter) for developing criteria, based on the greater bioavailability of dissolved
metals in surface water. Cadmium criteria are accordingly expressed as dissolved metal
concentrations consistent with current recommendations (Prothro 1993; U.S. EPA 1993b,
1994a), which typically involves converting measured total recoverable cadmium concentrations
to estimated dissolved cadmium concentrations using a conversion factor. It should be noted,
however, the majority of cadmium present in natural surface water is in the dissolved form and
differences between the 0.45-um filtered (dissolved) and unfiltered (total) concentrations in
surface water samples are usually small, with dissolved concentrations typically averaging 90 to
95 percent of the concentration present in an unfiltered sample (Clark 2002; Mebane 2006;
Stephan 1995). These averages are generally consistent with the dissolved fraction present in
unfiltered concentrations of 94 percent for fresh water (at a total hardness of 100 mg/L as
CaCOs) and 99 percent for marine environments that are used for the updated criteria,
respectively.

The acute freshwater conversion factors were determined empirically whereby total and
dissolved cadmium concentrations were measured during actual 48- and 96-hour Daphnia
magna and fathead minnow fed and unfed static toxicity tests conducted at different total
hardness levels (Stephan 1995; University of Wisconsin — Superior 1995). Either cadmium
chloride or cadmium sulfate were spiked in Lake Superior water and measured at test initiation
and completion. The time weighted averages obtained for percent dissolved cadmium for each
simulation were used to determine the freshwater acute conversion factors of 0.973 at 50 mg/L,
0.944 at 100 mg/L and 0.915 at 200 mg/L total hardness (see Appendix Table A-3). Freshwater
chronic conversion factors obtained from the same acute tests and extrapolation procedures were
0.938, 0.909 and 0.880 at 50, 100 and 200 mg/L total hardness (see Appendix Table C-3),

respectively. The lower chronic conversion factors are due to the longer time weighted average
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period employed relative to the acute factors. The acute saltwater conversion factor of 0.99
determined by Lussier et al. (1999) was based on an Americamysis bahia 96-hr flow-through
exposure and mean weighted total and dissolved cadmium concentrations. Narragansett Bay
seawater was spiked with cadmium chloride and exposure concentrations were measured at 1-
and 96-hr.

All concentrations for toxicity tests are expressed as total cadmium in this document, not
as the form of the chemical tested. In the aquatic environment, cadmium is measured as total

recoverable metal or free divalent metal.

Acute measures of effect

The acute measures of effect on aquatic organisms are the LCsy, ECsp, and ICso. LC
stands for “Lethal Concentration” and an LCs 1s the concentration of a chemical that is
estimated to kill 50 percent of the test organisms. EC stands for “Effect Concentration” and the
ECs 1s the concentration of a chemical that is estimated to produce a specific effect in 50 percent
of the test organisms. IC stands for “Inhibitory Concentration” and the ICs, is the concentration
of a chemical that is estimated to inhibit some biological process (e.g., growth) in 50 percent of
the test organisms. Data that were determined to have acceptable quality and to be useable in the
derivation of water quality criteria as described in EPA’s 1985 Guidelines for the derivation of a
freshwater and estuarine/marine criteria are presented in Appendix A and Appendix B,

respectively.

Acute toxicity data on freshwater mussel glochidia life stage

Glochidia are an early parasitic life stage of unionid freshwater mussels, which are free
living in the water column prior to finding an appropriate fish host. Based on their unique life
history compared to most aquatic life, glochidia toxicity tests were carefully examined to
determine if they provided ecologically relevant toxicological information for the derivation of
aquatic life criteria. Glochidia may be present in the water column for a period of time ranging
from seconds to days, depending on the species, and they have potential to be exposed to
contaminants in surface water during that time. EPA determined it was important to consider the
potential for adverse effects to glochidia in the development of water quality criteria for
cadmium because adverse effects on this sensitive early life stage could have implications on the

viability of unionid mussel populations. The potential for adverse effects to glochidia was also
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considered in the development of ammonia criteria (U.S. EPA 2013).

In order for the toxicity test results with glochidia to be ecologically relevant, the
duration of the acute toxicity test must be comparable to the duration of the free-living stage of
glochidia prior to attaching to a host. Research conducted by Fritts et al. (2014) supports the
recommendation of a maximum test duration of 24 hours for glochidia, corresponding with the
ecologically relevant period of host infectivity of this parasitic life stage. Survival of glochidia at
the end of 24 hours should be at least 90% in the laboratory control and if the viability is less
than 90% at 24 hours in the control, then the next longest duration less than 24 hours that had at
least 90% survival in the control is considered acceptable for use. These requirements for the
acceptance of glochidia tests were put forward in the 2013 ammonia criteria document and were
peer reviewed at that time (U.S. EPA 2013). Acceptable cadmium glochidia data were available
only for the fatmucket (Lampsilis siliquoidea), but this life stage was less sensitive than juveniles

and therefore not used to calculate the SMAYV for this species.

Chronic measures of effect

The endpoint for chronic exposure is the EC»o, which represents a 20 percent
effect/inhibition concentration. This is in contrast to a concentration that causes a low level of
reduction in response, such as an ECs or ECo, which is rarely statistically significantly different
from the control treatment. EPA selected an ECy to estimate a low level of effect that would be
statistically different from control effects, but not severe enough to cause chronic effects at the
population level (see U.S. EPA 1999¢). Reported NOECs (No Observed Effect Concentrations)
and LOECs (Lowest Observed Effect Concentrations) were only used for the derivation of
chronic criterion when an EC,, could not be calculated for the genus. A NOEC is the highest test
concentration at which none of the observed effects are statistically different from the control. A
LOEC is the lowest test concentration at which the observed effects are statistically different
from the control. When LOECs and NOECs are used, a Maximum Acceptable Toxicant
Concentration (MATC) is calculated, which is the geometric mean of the NOEC and LOEC.

Regression analysis was used to characterize a concentration-effect relationship and to
estimate concentrations at which chronic effects are expected to occur. For the calculation of
chronic criterion, point estimates were selected for use as the measure of effect in favor of

MATCs, as MATCs are highly dependent on the concentrations tested. Point estimates also
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provide additional information that is difficult to determine with an MATC, such as a measure of

effect level across a range of tested concentrations. Chronic toxicity data that met the test

acceptability and quality assurance/control criteria in EPA’s 1985 Guidelines for the derivation

of freshwater and estuarine/marine criteria are presented in Appendix C and Appendix D,

respectively.

Table 4. Summary of Assessment Endpoints and Measures of Effect Used in Criteria

Derivation.

Assessment Endpoints for the Aquatic
Communi Measures of Effect

Survival, growth, biomass, and reproduction
of fish and invertebrates (freshwater and
estuarine/marine)

Acute: LCS(), ECS()
Chronic: ECy, MATC (only used when an ECy
could not be calculated for the genus)

Maintenance and growth of aquatic plants
from standing crop or biomass (freshwater
and estuarine/marine)

LOEC, ECx, ECso, 1Cs, reduced growth rate, cell
viability, calculated MATC

MATC = Maximum acceptable toxicant concentration (geometric mean of NOEC and LOEC)

NOEC = No observed effect concentration
LOEC = Lowest observed effect concentration

LCso = Lethal concentration to 50% of the test population
ECso/ECyo = Effect concentration to 50%/20% of the test population
1Cso = Concentration of cadmium at which some effect is inhibited 50% compared to control organism

Use of data from chronic tests with Hyalella azteca

The use of H. azteca data for criteria derivation has created an uncertainty due to issues

with culture and testing conditions. Laboratory evidence indicates that sufficient levels of

bromide and chloride are required for maintaining healthy H. azfeca cultures, which are

important to accurately characterizing the toxicity of pollutants to H. azteca (U.S. EPA 2009a).

In response to this concern, each H. azteca acute and chronic toxicity test was evaluated with the

acceptability criteria recommended by U.S. EPA (2012) (Appendix K). These criteria address

the minimum levels of bromide and chloride in dilution water, along with other factors such as

the use of a substrate and minimum survival of control to characterize test acceptability.

2.7 Analysis Plan

During CWA §304(a) criteria development, EPA reviews and considers all relevant
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toxicity test data. Information available for all relevant species and genera are reviewed to
identify: 1) data from acceptable tests that meet data quality standards; and 2) whether the
acceptable data meet the minimum data requirements (MDRs) as outlined in EPA’s 1985
Guidelines (Stephan et al. 1985; U.S. EPA 1986a). The taxa represented by the different MDR
groups represent taxa with different ecological, trophic, taxonomic and functional characteristics
n aquatic ecosystems, and are intended to be a representative subset of the diversity within a
typical aquatic community.

For this cadmium criteria update, the MDRs described in Section 2.6 are met and criteria
values are developed for acute and chronic freshwater and acute and chronic estuarine/marine
species. Table S provides a summary of the Phyla, Families, Genera and Species for which
toxicity data are available and that were used to fulfill the MDRs for calculation of acute and
chronic criteria for both freshwater and estuarine/marine organisms. A relatively large number of
tests from acceptable studies of aquatic algae and vascular plants are also available for possible
derivation of a Final Plant Value. However, the relative sensitivity of fresh and estuarine/marine
algae and plants to cadmium (Appendix E and Appendix F) is less than aquatic vertebrates and

invertebrates so plant criteria are not developed.
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Table 5. Summary Table of Acceptable Toxicity Data Used to Meet the Minimum Data Requirements in the “Guidelines” and

Count of Phyla, Families, Genera and Species.
. . . Acute Chronic
Family Minimum Data Requirement (Freshwater) Phae lamil 0o i ik Gon

Family Salmonidae in the class Osteichthyes

Chordata / Salmonidae / Oncorhynchus

Chordata / Salmonidae / Oncorhynchus

Second family in the class Osteichthyes

Chordata / Catostomidae / Catostomus

Chordata / Catostomidae / Catostomus

Third family in the phylum Chordata

Chordata / Ambystomatidae / Ambystoma

Chordata / Cyprinodontidae / Jordanella

Planktonic Crustacean

Arthropoda / Daphniidae / Daphnia

Arthropoda / Daphniidae / Daphnia

Benthic Crustacean

Arthropoda / Cambaridae / Orconectes

Arthropoda / Hyalellidae / Hyalella

Insect

Arthropoda / Baetidae / Baetis

Arthropoda / Chironomidae /
Chironomus

Family in a phylum other than Arthropoda or Chordata

Mollusca / Unionidae / Lampsilis

Mollusca / Unionidae / Lampsilis

Family in any order of insect or any phylum not already represented

Annelida / Tubificidae / Tubifex

Annelida / Lumbriculidae / Lumbriculus

Family in the phylum Chordata

Family Minimum Data Requirement (Estuarine/Marine) (Phylum /1;;‘35 e (Phylum f?;;;ni;c | Conuyy

Chordata / Fundulidae / Fundulus

Family in the phylum Chordata

Chordata / Salmonidae / Oncorhynchus

Either the Mysidae or Penacidae family

Arthopoda / Mysidae / Americamysis

Arthopoda / Mysidae / Americamysis

Family in a phylum other than Arthropoda or Chordata

Mollusca / Mytilidae / Mytilus

Family in a phylum other than Chordata

Echinodermata / Strongylocentrotidae / Strongylocentrotus

Family in a phylum other than Chordata

Echinodermata / Asteriidae / Asterias

Family in a phylum other than Chordata

Annelida / Capitellidae / Capitella

Any other family

Mollusca / Pectinidae / Argopecten

Dash (-) indicates requirement not met (i.e., no acceptable data).

Ereshwater Acute Ereshwater Chronic Estuarine/Marine Acute
Phylum Families GMAVs SMAVs Families GMCVs SMCVs Families GMAVs SMAVs
Annelida 4 11 12 2 2 2 6 10 10
Arthropoda 18 22 32 3 4 6 30 37 44
Bryozoa 3 3 3 - - - - - -
Chordata 15 27 35 8 11 16 14 14 16
Cnidaria 1 1 4 - - - 2 2 2
Echinodermata - - - - - - 3 3 4
Mollusca 4 9 13 3 3 3 9 12 17
Nematoda - - - - - - 1 1 1
Platyhelminthes 2 2 2 - - - - - -
Total 47 75 101 16 20 27 06 79 94
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2.7.1 Hardness adjustment

The hardness adjustment 1s used as a surrogate for this criteria revision to estimate the
effect of all 1ons on the toxicity of cadmium. EPA’s 1985 Guidelines state that when sufficient
data are available to demonstrate that toxicity is related to a water quality characteristic, the
relationship should be taken into account using an analysis of covariance (Stephan et al. 1985).
As noted in the 1985 Guidelines, the relationship between hardness and the toxicity of metals in
freshwater is best described by a log-log relationship. The ratio of calcium and magnesium ions
influence the toxicity of cadmium and the subsequent cadmium toxicity-hardness relationship,
especially since cadmium is known to behave like a calcium analog (Playle et al. 1993a). An
analysis of covariance was conducted to examine the relationship between hardness and
cadmium toxicity to freshwater aquatic animals. The analysis of covariance was performed
separately for acute and chronic toxicity, using the R statistical program (Dixon and Brown
1979; Neter and Wasserman 1974; R Core Team 2015).

Before conducting the analysis of covariance, currently available toxicity data with
available hardness values were evaluated for each species to determine if they were useful for
characterizing the relationship between hardness and cadmium toxicity in freshwater. The 1985
Guidelines do not provide explicit rules regarding whether data for a particular species are
useful, but they do emphasize the importance of having a range of tested hardness values for a
particular species. Since the publication of the 1985 Guidelines, EPA has determined that in
order to meet the precondition for inclusion in the covariance model for determining the
hardness relationship, a species should have definitive toxicity values available over a range of
hardness levels, such that the highest hardness 1s at least three times the lowest, and at least 100
mg/L higher than the lowest (U.S. EPA 2001). As such, EPA evaluated the cadmium studies per
the 1985 Guidelines conditions above prior to inclusion in the covariance model and excluded
studies from the analysis where only a single acute toxicity value was available, or where
multiple tests were conducted at the same hardness. Examples of excluded tests include those
that were conducted to evaluate the effects of cadmium to a non-hardness parameter, such as Na
or K (e.g., Clifford 2009). In cases where the hardness-toxicity relationship for a particular
species is highly divergent between studies, then data from these studies were only used when

they were specifically designed to investigate the effects of hardness, and when both the toxicity
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and hardness values provided were definitive (not greater than or less than values). For example,
the hardness-toxicity relationship for the fathead minnow is highly divergent from one life stage

to another. Adult fathead minnow responses are highly correlated, while fry responses are not, so
only tests conducted with adults were used (U.S. EPA 2001).

As noted above, this 2016 cadmium update evaluated definitive toxicity values available
over a specified range of hardness levels to develop the acute and chronic hardness-toxicity
relationships. This procedure was very similar to that used for the 2001 update, except that only
studies where the concentrations of cadmium was measured were used, multiple tests conducted
at the same hardness level were excluded and data from the same study were favored over highly
divergent data from multiple studies for a particular species. In addition, ECy and MATC values
are used in the chronic slope for this effort, whereas the 2001 update used only MATCs. The
data used to calculate the acute and chronic hardness-toxicity relationships are identified in
Appendix Table A-2 and Appendix Table C-2, respectively.

An analysis of covariance, to evaluate the relationship between natural log transformed
hardness and natural log transformed cadmium toxicity to the tested species, is the first step
following data selection. If the analysis of covariance model term describing the similarity of
hardness slopes among individual species is not statistically significant at an alpha of 0.05
(P>0.05), then a model with a single hardness slope is statistically equivalent to a model with
separate hardness slopes for each species, and a pooled slope can be calculated. The pooled
hardness slope is then calculated using linear regression, and is considered the best estimate for
characterizing the relationship between toxicity and hardness for all test species. The results of
the acute and chronic hardness correction procedures are described in Section 3.1.1 and Section

3.1.2, respectively, and individual species slopes are provided in Table 6 and Table 8.

2.7.2 Acute criterion

Acute criteria are derived from the sensitivity distribution (SD) of genus mean acute
values (GMAVs), calculated from species mean acute values (SMAVs) for available and
acceptable data. SMAVs are calculated using the geometric mean for all acceptable toxicity tests
for a given species (e.g., all tests for Daphnia magna). If only one test is available, the SMAYV is

that test value by default. As stated in the 1985 Guidelines, flow-through measured test data are
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normally given preference over other test exposure types (i.c., renewal, static, unmeasured) for a
species, when available. When relationships are apparent between life-stage and sensitivity, only
values for the most sensitive life-stage are considered.

GMAVs are calculated using the geometric means of all calculated SMAVs within a
given genus (e.g., all SMAVs for genus Daphnia — including Daphnia pulex, Daphnia magnay).
If only one SMAYV is available for a genus, then the GMAYV is represented by that value.
GMAVs derived for each of the genera are then rank-ordered by sensitivity, from most (Rank 1)
to least sensitive (Rank N).

Acute freshwater and estuarine/marine criteria are based on the Final Acute Value
(FAV). The FAV is determined by first ordering the GMAVs by rank from most to least
sensitive for regression analysis. The regression analysis is typically driven by the four most
sensitive genera in the sensitivity distribution, based on the need to interpolate or extrapolate (as
appropriate) to the 5® percentile of the distribution represented by the tested genera. Use of a
sensitivity distribution where the criteria values are based on the four most sensitive taxa in a
triangular distribution represents a censored statistical approach that improves estimation of the
lower tail when the shape of the whole distribution is uncertain, while accounting for the total
number of genera within the whole distribution. Since there were more than 59 GMAVs in both
the freshwater and estuarine/marine cadmium acute datasets, the four GMAVs closest to the 5%
percentile of the distribution were used to calculate the FAV, consistent with procedures
described in the 1985 Guidelines. The acute criterion, defined as the Criterion Maximum
Concentration (CMC), is then calculated by dividing the FAV by two, which is intended to
provide an acute criterion protective of nearly all individuals in the distribution (Stephan et al.
1985); the FAV/2 approach was developed to estimate minimal effect levels, those which
approximate control mortality limits, and is based on the analysis of 219 acute toxicity tests for a

range of chemicals, as described in the Federal Register on May 18, 1978 (43 FR 21506-18).
2.7.3 Chronic criterion
A chronic criterion is typically determined by one of two methods. If MDRs are met with

acceptable chronic test data available for all eight families, then the chronic criteria can be

derived using the same method as for the acute criteria, employing chronic values (e.g., ECx)
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estimated from acceptable toxicity tests. While this is the case for the freshwater cadmium
chronic dataset, acceptable chronic data are not available for all eight families for estuarine/
marine species. For the estuarine/marine chronic dataset, the chronic criterion was therefore
derived by determining an appropriate Final Acute-Chronic Ratio (FACR).

The procedure used to calculate an FACR involves dividing an acute toxicity test value
by a “paired” chronic test value. Tests for a chemical are considered paired when they are
conducted by the same laboratory, with the same test organism and with the same dilution water
(see Stephan et al. 1985). If there is a clear trend, the FACR may be the geometric mean of the
available ACRs, or an individual ACR (or combination thereof), based on the most sensitive
taxa. Available data met with these guidelines and the Final Chronic Value (FCV) for
estuarine/marine aquatic animals was obtained by dividing the FAV by the FACR, consistent
with procedures described in Section IV A of Stephan et al. (1985).

Available chronic toxicity data for freshwater and estuarine/marine plants were reviewed
to determine whether plants are more sensitive to cadmium than freshwater and estuarine/marine
animals (see Appendix A, Appendix B, Appendix E and Appendix F). Plants were found to be
less sensitive, and in most cases, at least an order of magnitude less sensitive to cadmium than
other aquatic species. It was therefore not necessary to develop chronic criteria based on plant

toxicity values in this update.
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3 EFFECTS ANALYSES FOR AQUATIC ORGANISMS

The data used to update the acute and chronic criteria for cadmium were collected via
literature searches of EPA’s ECOTOX database, as described in the ECOTOX User Guide
Version 4.0 (see: http://cfpub.epa.gov/ecotox/blackbox/help/userhelp4.pdf). ECOTOX is an

extensive database of selected toxicity data for aquatic life, terrestrial plants, and wildlife created
and maintained by the U.S. EPA, Office of Research and Development, National Health and
Environmental Effects Research Laboratory's Mid-Continent Ecology Division (U.S. EPA
2007a). The search of cadmium and cadmium compounds for this update includes data entered in
ECOTOX through December 2015.

Newly acquired data were evaluated for acceptability based on data quality guidelines given
in the1985 Guidelines (Stephan et al. 1985). Selected data included in the 2001 cadmium criteria
were re-evaluated for various reasons (e.g., divergent values for a species, hardness
normalization derivation, etc.), as part of the 2016 update, as needed. All acute and chronic
toxicity data (see Appendices A-I) determined to be applicable and reliable were used to
recalculate the CMC and the CCC, consistent with the 1985 Guidelines and as described in the

following sections.

3.1 Freshwater Toxicity to Aquatic Animals

3.1.1 Acute toxicity

Acceptable data on the acute effects of cadmium in freshwater are available for a total of
101 species representing 75 genera (Appendix Table A-1), the diversity of which satisfy the
eight taxonomic MDRs specified in the 1985 Guidelines. Ranked GMAVs for cadmium in
freshwater based on acute toxicity are identified in Table 7 and plotted in Figure 3. The

following sections detail the derivation of these GMAV summaries.

Hardness correction

The hardness adjustment is used as a surrogate to estimate the effect of primarily calcium
on the toxicity of cadmium. Data to be used for the calculation of the hardness correction were
selected according to procedures described in Section 2.7.1. An analysis of covariance was then

performed using a subset of the data from Appendix A (each study used in the acute hardness
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slope is compiled in Appendix Table A-2) for the 13 species for which the appropriate data
were available, as shown in Table 6. These included eight species used in the determination of
the acute toxicity hardness slope in the 2001 criteria document (U.S. EPA 2001) and five new
species. For all 13 species, the highest hardness was at least three times the lowest, and the
highest hardness was at least 100 mg/L greater than the lowest (Appendix Table A-1). One
major difference between this 2016 update and previous cadmium criteria documents is that only
measured studies were evaluated for use in the acute toxicity hardness slope. In addition, for
Hydra circumcincta, Daphnia pulex, Chironomus riparius, and Danio rerio, only studies for
which multiple tests were conducted across a hardness gradient were used. Consistent with data
quality criteria used for development of the 2001 AWQC for cadmium and as discussed in
Section 2.7.1, the dataset used for Pimephales promelas consisted of only tests conducted with
adults. For Daphnia magna, the relationship between acute toxicity and hardness had a very
shallow slope and a large confidence interval (and large standard error), indicating a poor
correlation. This outcome was based on the poor correlation between hardness and acute toxicity
for D. magna across the various studies. Accordingly, only the five D. magna tests from
Chapman et al. (1980) were used since the author specifically evaluated the effects of hardness
on the less than 24-hr old neonates.

Based on the final dataset used to calculate the acute hardness slope and consistent with
the 1985 Guidelines, an analysis of covariance was performed to determine if a single pooled
species slope would be acceptable. The P-value of the model term describing the relationship
between hardness and species was 0.42, indicating that the individual species hardness slopes are
not significantly different from one another, and that a single pooled slope could be calculated.

The pooled slope for the log-log relationship between hardness and acute toxicity was
0.9789. A list of the species and accompanying slopes used to estimate the final acute hardness

slope is provided in Table 6 and graphically illustrated in Figure 2.
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Table 6. Pooled and Individual Species Slopes Calculated for the Cadmium Acute Toxicity

vs. Hardness Relationship.
Interval

Hpydra circumcincta’ 3 0.5363* 1.000 0.4706 — 0.6020 1
Limnodrilius hoffmeisteri 2 0.7888 --- - 0
Villosa vibex 2 0.9286 — — 0
Daphnia magna® 5 1.182* 0915 0.5194-1.845 3
Daphnia pulex‘ 7 0.9307* 0.867 0.5113-1.350 5
Chironomus riparius® 2 04571 --- - 0
Oncorhynchus mykiss® 28 0.9475*% 0.681 0.6862-1.209 26
Salmo trutta 6 1.256* 0.900 0.6762-1.837 4
Carassius auratus’ 2 1.588 --- - 0
Danio rerio? 2 0.9270 — - 0
Pimephales promelas 13 1.814* 0475 0.5494-3.078 11
Lepomis cyanellus 2 0.4220 --- - 0
Lepomis macrochirus 6 0.8548* 0.955 0.5975-1.112 4
Final Pooled Model | 80 | 09789 [ 0971 | 0.7907-1.167 | 66

Species highlighted in bold are new for the 2016 updated hardness slope.
* Slope is significantly different than 0 (p<0.05)

# Individual species slopes not significantly different (p=0.42)

a— 3 tests from Clifford (2009) at different hardness levels where hardness was manipulated as Ca.
b — Following the procedure described in the 2001 AWQC document, used 5 tests from Chapman et

al. (Manuscript) performed at different hardness levels.

¢ - 7 tests from Clifford (2009); Clifford and McGeer (2010) at different hardness levels where
hardness was manipulated as Ca.

d - 2 tests from Gillis and Wood (2008) at different hardness levels.

¢ — Excluded 6 tests from Davies et al. (1993) where hardness manipulated as Mg; excluded 2 tests
from Davies and Brinkman (1994b) because of atypical control water; excluded 3 tests from
Niyogi et al. (2008) that manipulated water quality parameters in addition to hardness; excluded
possible outliers (Niyogi et al. 2004b); excluded studies where the fish were possibly fed (Hollis

et al. 1999, 2000a).

f—2 tests from McCarty et al. (1978) at different hardness levels.
g — 2 tests from Alsop and Wood (2011) at different hardness levels.
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Figure 2. Species Acute Hardness Slopes.
Natural log transformed hardness and acute toxicity concentrations for each species used to calculate the
pooled acute hardness correction slope. Results of individual regression lines are shown in Table 6.

Summaries of studies used in acute criterion determination

The 2016 update includes acute toxicity data for 66 invertebrate species, 33 fish species,
one salamander species, and one frog species, for a total of 101 species grouped into 75 genera.
Of the 75 Genus Mean Acute Values (GMAV) in the updated dataset, 38 genera have new data
(Table 7 and Appendix A). The most sensitive genus is the fish Salvelinus with a GMAV of
4.190 pg/L (normalized to a total hardness of 100 mg/L as CaCOs). The most sensitive
invertebrate genus is represented by the amphipod Hyalella azteca, with the seventh most
sensitive normalized GMAYV of 23.00 ug/L. As noted in Table 7, if the SMAVs for a genus
differ by greater than a factor of 10, then the most sensitive SMAV(s) is used in the GMAV
calculation. This difference was primarily due to the sensitivity between the life stage tested for

each species and was applied to the GMAYV calculation for Salvelinus, Ptychocheilus, Physa and
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Orconectes. This approach ensures that the most sensitive effect level is used for each genus.

The pooled slope of 0.9789 was used to normalize the freshwater acute values in
Appendix A to a hardness = 100 mg/L CaCOs, except where it was not possible because no
hardness value was reported or a value could not be estimated. SMAVs were calculated as
geometric means of the normalized acute values. Only the underlined ECsy/LCs, values shown in
Appendix A were used to calculate the SMAVs for each species.

The SMAVs for freshwater invertebrates ranged from 23.00 ug/L total cadmium for the
amphipod, H. azteca, to >152,301 pg/L total cadmium for the midge, Chironomus riparius. Of
the fish species tested, the rainbow trout, Oncorhynchus mykiss, had the lowest SMAV of 3.727
ng/L total cadmium, and the tilapia, Oreochromis niloticus, had the highest SMAV of 66,720
nug/L total cadmium. As indicated by the data, both invertebrate and fish species display a wide
range of sensitivities to cadmium.

Fish species represent the six most acutely sensitive genera to cadmium (Table 7), and
salmonids (Salmo, Salvelinus, Oncorhynchus and Prosopium) represent four of the six most
sensitive fish genera. The most sensitive genus, Salvelinus, is over 11,700 times more sensitive
than the most resistant, Chironomus.

The second through fifth most sensitive genera (out of a total of 75) were used in the
computation of the Final Acute Value (FAV). As stated above, whenever there are 59 or more
GMAVs in the acute criteria dataset, the FAV 1s calculated using the four GMAVs closest to the
5™ percentile of the distribution. The distribution of ranked freshwater GMAVs for cadmium is
depicted in Figure 3 and is expressed as normalized total cadmium (see Section 4.3.1).

The four taxa and hardness-normalized associated endpoint (GMAV) used in calculating
the acute criterion (sensitivity rank 2-5) are ranked below from most to least sensitive:

2. Cottus (GMAV=4.411 ng/L total Cd)

3. Salmo trutta, Brown trout (GMAV=5.642 ng/L total Cd)

4. Morone saxatilis, Striped bass (GMAV=5.931 pug/L total Cd)

5. Oncorhynchus (GMAV=6.141 ug/L total Cd)

The most sensitive genus, Salvelinus (GMAV of 4.190 ug/L total cadmium), is not

included in the criteria numeric calculation because its rank falls below the 5® percentile in the
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distribution of 75 genera included in the dataset (see Section 2.7.2). The resulting calculated
FAV 15 5.733 ug/L total cadmium. The SMAYV for the commercially and recreationally important
rainbow trout (Table 7) is lower than the calculated FAV, along with the SMAVs for cutthroat
trout, brown trout, bull trout, and shorthead and mottled sculpin. As recommended by the 1985
Guidelines, the freshwater FAV for total cadmium at a hardness of 100 mg/L was therefore
lowered to 3.727 pg/L to protect the commercially and recreationally important rainbow trout.
Because rainbow trout was the most sensitive salmonid species tested (and lowest SMAYV in the
acute dataset), this lowered value is also protective of all the salmonid species for which toxicity
data are available, and other sensitive fish species as well. Summaries are provided below for the
individual species or genera (in cases where more than one species is included in the calculation
of the GMAYV) used to calculate the freshwater FAV. All values are provided in terms of total

cadmium.

Cottus

Two species of sculpin, Cottus bairdii and Cottus confusus, are used to derive the
normalized GMAV of 4.411 pg Cd/L, the second most sensitive genus in the acute dataset, and
the lowest of the four GMA Vs used to calculate the FAV (Table 7). Besser et al. (2006, 2007)
and Brinkman and Vieira (2007) exposed fry of C. bairdii to flow-through measured conditions
to yield normalized 96-hr LCsos ranging from 2.817 to >65.08 pg/L, with the SMAV of 4.418
ng/L cadmium. The C. confusus normalized SMAV of 4.404 ng/L. cadmium is based on the

static-renewal measured test result reported by Mebane et al. (2012).

Salmo trutta

The hardness-normalized SMAV/GMAYV of 5.642 ug/L total cadmium for the brown
trout is based on the geometric mean of five 96-hr LCses as reported by Davies and Brinkman
(1994c¢), Brinkman and Hansen (2004a, 2007) and Stubblefield (1990). All tests were flow-
through measured exposures and used either the fingerling or fry life stage (see Appendix Table

A-1). The GMAYV for the brown trout is the third lowest in the acute dataset.

Morone saxatilis

Two acceptable acute values from one study (Palawski et al. 1985) were used to calculate

the hardness-normalized SMAV/GMAYV for the striped bass, Morone saxatilis. The 63-day old
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fish were exposed in static, unmeasured chambers at two different test hardness levels (40 and

285 mg/L as CaCO;). The GMAYV for the species is 5.931 pg/L total cadmium and is the fourth

lowest in the acute dataset.

Oncorhynchus

The hardness-normalized GMAYV of 6.141 ug/L total cadmium for the genus

Oncorhynchus is the fifth lowest in the acute dataset, and is calculated from SMAVs of four

different species (cutthroat trout, Oncorhynchus clarkii; coho salmon, O. kisutch; rainbow trout,

O mykiss; Chinook salmon, O. tshawytscha). Oncorhynchus is one of the most widely tested

genera in the freshwater acute dataset. All but the cutthroat trout are Listed species. Hardness-

normalized SMAVs range from 3.727 to 11.88 ug/L total cadmium (Table 7) and are composed

of anywhere from one (O. kisutch) to 30 (O. mykiss) acute values (Appendix Table A-1).

Table 7. Ranked Freshwater GMAVs.
(Note: All data adjusted to a total hardness of 100 mg/L as CaCO; and expressed as total cadmium).

(Values in bold are new/revised data since the 2001 AWQC).

Rank? /L total Species g/l total

Midge,

75 49,052 Chironomus plumosus 15,798

- - Midge, o >152,301
Chironomus riparius

74 30,781 Common carp, 30,781
Cyprinus carpio
Nile tilapia,

& 26,837 Oreochromis niloticus 66,720

) ) Mozamb1qu§ tilapia, . 10,795

Oreochromis mossambica
Planarian,

72 26,607 Dendrocoelum lacteum 26,607
Mayfly,

7 22,138 Rhithrogena hageni 22,138

70 >20,132 Little green stonefly, 20,132
Sweltsa sp.
Mosquitofish,

69 12,100 Gambusia affinis 12,100
Oligochaete,

68 11,627 Branchiura sowerbyi 11,627
Oligochaete,

67 L7 Rhyacodrilus montana 1171
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Threespine stickleback,

66 11,045 Gasterosteus aculeatus 11,045

65 9.917 Channel catfish, 9.917
Ictalurus punctatus
Oligochaete,

64 9,752 Stylodrilus heringianus 9,752
Mayfly,

63 7,798 Hexagenia rigida 7,798

62 7,752 Green sunfish, 6,276
Lepomis cyanellus

) ) Bluegll.l, . 9,574

Lepomis macrochirus
Red shiner,

61 7,716 Cyprinella lutrensis 7,716

60 7.037 Oligochacte, 6.206
Spirosperma ferox
Oligochaete,

) ) Spirosperma nikolskyi 7.979

Yellow perch,

39 6,808 Perca flavescens 6,808
Earthworm,

38 6,738 Varichaetadrilus pacificus 6,738

57 5.947 White sucker, ) 5.947
Catostomus commersonii
Oligochaete,

36 3,674 Quistadrilus multisetosus 3,674
Flagfish,

33 3,583 Jordanella floridae 3,583
Guppy,

>4 4,929 Poecilia reticulata 4,929
Mayfly,

33 4,467 Ephemerelia subvaria 4,467
Tubificid worm,

52 4,193 Tubifex tubifex 4,193

51 3,350 Amphipod, 5 3350
Crangonyx pseudogracilis
Copepod,

S0 3121 Diaptomus forbesi 3,121

49 2,967 Zebrafish, 2,967
Danio rerio

48 2,231 African claw;d frog, 2231
Xenopus laevis

47 1,983 Crayfish, 812.8

Procambarus acutus
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Crayfish,

) ) Procambarus alleni 6,592
Red swamp crayfish,
- - Procambarus clarkii 1,455

46 1,656 Goldfish, 1,656
Carassius auratus
Caddisfly,

4 >1,637 Arctopsyche sp. >1,637
Oligochaete,

44 1,593 Limnodrilus hoffmeisteri 1,593
Fathead minnow,

43 1,582 Pimephales promelas 1,582

4 1,023 Northwestern salgmander, 1,023
Ambystoma gracile
Isopod,

4l 983.8 Caecidotea bicrenata 983.8

40 >808.4 Suail, >808.4
Gyraulus sp.

39 651.3 Lake whitefish, . 651.3
Coregonus clupeaformis
Bryozoa,

38 339.7 Plumatella emarginata 339.7
Cladoceran,

37 501.7 Alona affinis 501.7

36 453.0 Cyclopoid copepod, 453.0
Cyclops varicans

35 427.9 Pondsail, 427.9
Lymnaea stagnalis
Planarian,

34 410.4 Dugesia dorotocephala 4104
Leech,

33 392.5 Glossiphonia complanata 392.5
Mayfly,

32 350.4 Baetis tricaudatus 350.4
Bryozoa,

3 346.6 Pectinatella magnifica 346.6
30 275.0 Wormm, . 275.0
Lumbriculus variegatus

Snail, b
29 208.0 Physa acuta 2,152
) ) Pouch snaﬂ, 208.0
Physa gyrina
28 204.1 Snail, 204.1
Aplexa hypnorum

XXXviii

EPA-HQ-2016-005391_00051916



Amphipod,

27 154.3 Gammarus pseudolimnaeus 1543
26 145.5 Worm, 145.5
Nais elinguis
Hydra,
25 120.1 Hydra circumcincta 184.8
Hydra
) ) Hydra oligactis 154.8
Green hydra,
) ) Hydra viridissima 38.85
Hydra,
) ) Hydra vulgaris 187.1
Cladoceran,
24 103.1 Diaphanosoma brachyurum 103.1
23 99.54 Isopod, 99.54
Lirceus alabamae
2 94.67 Crayfish, . >0, 579
Orconectes immunis
) ) Crayfish, ' B 134.0
Orconectes juvenilis
Crayfish,
) ) Orconectes placidus 66.89
) ) Crayfish, o 22.800°
Orconectes virilis
21 86.51 Cladoceran, 86.51
Moina macrocopa
Bonytail,
20 80.38 Gila elegans (LS) 80.38
Razorback sucker,
19 76.02 Xyrauchen texanus (LS) 76.02
Bryozoa,
18 74.28 Lophopodella carteri 7428
Cladoceran,
17 73.67 Ceriodaphnia dubia 64.03
Cladoceran,
) ) Ceriodaphnia reticulata 8476
Mussel,
16 71.76 Utterbackia imbecillis 71.76
15 70.76 S(.)uthern.rambow mussel, 70.76
Villosa vibex
Mussel,
14 68.51 Lasmigona subviridis 68.51
13 67.90 Mussel, 67.90
Actinonaias pectorosa
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Cladoceran,

12 61.42 Daphnia ambigua 2481

) ) Cladoc§ran, 40.62
Daphnia magna
Cladoceran,

) ) Daphnia pulex 109.2
Cladoceran,

) ) Daphnia similis 129.3
Cladoceran,

1 71 Simocephalus serrulatus 771
Neosho mucket,

10 S1.34 Lampsilis rafinesqueana (LS) 44.67
Fatmucket,

) ) Lampsilis siliquoidea 35.73
Southern fatmucket,

- - o : . . 93.17
Lampsilis straminea claibornensis

) ) Yellow §andshell, 4671
Lampsilis teres
Colorado pikeminnow,

? 46.79 Ptychocheilus lucius (LS) 46.79

) ) Northern pikeminnow, 4065
Ptychocheilus oregonensis ’
White sturgeon,

8 <33.78 Acipenser transmontanus (LS) <33.78
Amphipod,

7 23.00 Hyalella azteca 23.00

6 >15.72 Mountain whitefish, >15.72
Prosopium williamsoni
Cutthroat trout,

3 6.141 Oncorhynchus clarkii 5401

) ) Coho salmon, 11.88
Oncorhynchus kisutch (LS) '

) ) Rainbow trout, . 3.727
Oncorhynchus mykiss (LS)

) ) Chinook salmon, 5.049
Oncorhynchus tshawytscha (LS) :
Striped bass,

4 3931 Morone saxatilis 3.931
Brown trout,

3 5642 Salmo trutta 5642
Mottled sculpin,

2 4411 Cottus bairdii 4418

) ) Shorthead sculpin, 4.404

Cottus confusus
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1 4.190

Bull trout,

Salvelinus confluentus

4.190

Brook trout,

Salvelinus fontinalis (LS)

3,055

? Ranked from least to most sensitive based on Genus Mean Acute Value.

" There is a 10x difference in SMAVs for the genus, only most sensitive SMAV is used in the calculation.
Therefore, only bull trout, and not brook trout, was used to determine GMAYV for Salvelinus..

[The following species were not included in the Ranked GMAYV Table because hardness was not reported and

therefore toxicity values could not be normalized to the standard total hardness of 100 mg/L as CaCOs: Leech,

Nephelopsis obscura; Crayfish, Orconectes limosus; Prawn, Macrobrachium rosenbergii; Mayfly, Drunella grandis

grandis; Stonefly, Pteronarcella badia; Midge, Culicoides furens; Grass carp, Ctenopharyngodon idellus.]

LS = Federally-listed species
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Figure 3. Ranked Freshwater Cadmium GMAYVs.

3.1.2 Chronic toxicity

Acceptable data on the chronic effects of cadmium in freshwater are available for 27
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species, grouped into 20 genera (Appendix C). As with the freshwater cadmium acute dataset,
the diversity of species representing the chronic dataset satisfy the eight MDRs specified in the
1985 Guidelines, and regression analysis was therefore used to derive the new freshwater CCC.
This is in contrast to the acute-chronic ratio methodology, which can be used when the MDRs
are not met. Ranked GMCVs for cadmium in fresh water based on chronic toxicity are identified
in Table 9 and plotted in Figure 5. The following sections detail the derivation of these GMCV

summaries.

Hardness correction

Following the procedures described in Section 2.7.1, an analysis of covariance was
applied to the data in Appendix C (each study used in the chronic hardness slope derivation is
compiled in Appendix Table C-2) to calculate the chronic hardness correction slope for four
species (Daphnia magna, Oncorhynchus mykiss, Salmo frutta and Salvelinus fontinalis) (Table
8). Two of the four species (O. mykiss and S. fontinalis) were not included in the 2001 AWQC
dataset. Although included in the 2001 revision, data for P. promelas were not used for the
hardness correction slope in the 2016 update because no ECy values and only MATCs were
available for these tests. For D. magna, both EC,, values and MATCs were available, but the
ECy values from multiple studies were too divergent. Therefore, the same three MATC values
from Chapman et al. (Manuscript) used in the 2001 revision were retained in the 2016 update so
that an invertebrate species could be included in the calculation of the chronic cadmium toxicity-
hardness slope. The acceptable data for rainbow trout were limited to data from Brown et al.
(1994), Davies and Brinkman (1994b), Besser et al. (2007), and Mebane et al. (2008). Rainbow
trout data from Davies et al. (1993) were not included, as differences in toxicity due to different
levels of hardness were attributed entirely to magnesium amendments.

Using the final dataset to calculate the chronic cadmium toxicity-hardness slope, an
analysis of covariance test was performed to determine whether a single pooled species slope
was acceptable for use in the criteria derivation. The P-value of the resulting relationship
between hardness and individual species slopes was 0.15, indicating that individual species
hardness slopes were not significantly different from one another, and that a single pooled slope

could be used. The pooled slope for the log-log relationship between hardness and chronic
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toxicity was 0.7977. A list of the species and accompanying slopes used to estimate the final

chronic hardness slope is provided in Table 8 and graphically illustrated in Figure 4.
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Table 8. Pooled and Individual Species Slopes Calculated for the Cadmium Chronic

Toxicity vs. Hardness Relationship.
Species Slope R’ Value Interval df

Daphnia magna® 3 0.7712 0.962 -1.166-2.709 1
Oncorhynchus mykiss® 6 0.4602* 0.705 0.04712-0.8732 4
Salmo trutta 6 1.329% 0.765 0.3072-2.350 4
Salvelinus fontinalis 3 1.078 0.862 -4.406-6.563 1
Final Model | 18 [ 07977%# | 0.841 | 0.4334-1.162 | 13

Species highlighted in bold are new relative to the 2001 AWQC hardness slope estimation.
* Slope is significantly different than 0 (p<0.05).

# Individual species slopes not significantly different (p=0.15).

*Includes 3 MATCs from Chapman et al. (Manuscript).
®Includes one value from Brown et al. (1994), two values from Davies and Brinkman (1994b), one
value from Besser et al. (2007) and two from Mebane et al. (2008). Excluded 3 values from Davies

et al. (1993) because hardness was manipulated using magnesium.
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Figure 4. Species Chronic Hardness Slopes.
Natural log transformed hardness and chronic toxicity concentrations for each species used to calculate
the pooled chronic hardness correction slope. Results of individual regression lines are shown in Table

8.
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Summaries of studies used in chronic freshwater criterion determination

Of the 20 Genus Mean Chronic Values (GMCV) in the updated chronic criteria dataset,
four of the genera included previously in the 2001 update have new data. A new species in the
updated dataset, mottled sculpin (C. bairdii) now represents the most sensitive fish species and
the third most sensitive genus in the distribution with a GMCV = 1.470 ug/L (total cadmium and
normalized to a total hardness of 100 mg/L as CaCOs). The most sensitive invertebrate is the
amphipod Hyalella azteca with a normalized GMCV = 0.7453 ug/L (based on the 42-day
reproduction endpoint). There are sufficient data to fulfill the requirements to calculate a chronic
freshwater criterion using the species sensitivity distribution (SD) method. Acceptable data on
the chronic effects of cadmium on freshwater animals include 11 species of invertebrates and 16
species of fish grouped into 20 genera (Table 9). Six new species include the oligochaete
(Lumbriculus variegatus), the fatmucket (Lampsilis siliquoidea), the snail (Lymnaea stagnalis),
the Rio Grande cutthroat trout (O. clarkii virginalis), the mottled sculpin (C. bairdii) and the
cladoceran (Ceriodaphnia reticulata). All of the toxicity values and SMCVs derived are
tabulated and included in Appendix C. The first through fourth most sensitive genera (out of a
total of 20) were used in the computation of the Final Chronic Value (FCV) and are ranked
below from most to least sensitive:

1. Hyalella azteca, Amphipod (GMCV=0.7453 ng/L total Cd)

2. Ceriodaphnia, Cladoceran (GMCV=1.293 ug/L total Cd)

3. Cottus bairdii, Mottled sculpin (GMCV=1.470 ng/L total Cd)

4. Chironomus dilutus, Midge (GMCV=2.000 ng/L total Cd)

The resulting calculated FCV 1s 0.7945 pg/L total cadmium. Summaries are provided
below for the individual species or genera (in cases where more than one species is included in
the calculation of the GMCV) used to calculate the freshwater FCV. All values are provided in

terms of total cadmium.

Hyalella azteca

One full-life cycle study satisfied the acceptability criteria for H. azteca (Ingersoll and

Kemble 2001) based on newly recommended culture and control conditions (see Appendix K).
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H. azteca were exposed under flow-through measured conditions (control, low, middle and high
exposures) at a mean temperature of 23°C and a total hardness of 280 mg/L as CaCOs;. A 3-mm
nylon mesh substrate was provided during the test. The seven- to eight-day old amphipods were
exposed to water only mean total cadmium concentrations of 0.10 (control), 0.12,0.32, 0.51, 1.9
and 3.2 pg/L for 42 days. The water used for this test (USGS Columbia Lab well water) is
acceptable for H. azteca studies (around 25 mg CI/L and 0.08 mg Br/L). For this study, both dry
weight (measured by scale) and length data were taken as measures of growth, and there are
differences in the growth inferred by these two measures. Through direct consultation with the
study authors, it was determined that at the time this study was conducted length provided a
more accurate and reliable measure of growth than the direct measure of weight. This was based
largely on the small sizes of the organisms and limitations in the accuracy of the scales at the
time the study was conducted. This same laboratory has developed a robust empirical
relationship between amphipod length and weight, which has been used in multiple peer
reviewed publications (Besser et al. 2013, 2015a,b; Ivey and Ingersoll 2016; Kemble et al. 2013).
Applying this formula, the 28-d average control length of 4.37 mm represents an average dry
weight of 0.434 mg and the 42-d average control length of 4.67 mm translates to an average dry
weight of 0.524 mg. These weight values are above the minimum control performance values
listed in Appendix K and in ASTM (2005). In addition, the average control reproduction (6.4
young/female) also met minimum performance values. Although the feeding rate used in this test
was below that recommended for H. azteca exposures lasting longer than 10 days, the finding
that control organisms met performance criteria applied in tests using a higher feeding rate
supports retaining these data for use in deriving AWQC. The most sensitive endpoint from this
test was reproduction; the reproduction ECy, for this test is 1.695 pg/L, or 0.7453 pg/L when
normalized to a total hardness of 100 mg/L as CaCQO;. H. azteca is now the most chronically
sensitive genus in the dataset with a hardness-normalized SMCV/GMCYV of 0.7453 pg/L (Table
9). This value is a revision to the 42-day MATC of 0.9844 ug/L that was previously used in the
2001 AWQC cadmium document (see Section 5.2.1 for additional discussion on suitability of

chronic Hyalella studies).

Ceriodaphnia dubia

An acceptable C. dubia seven-day static-renewal toxicity test was conducted by Jop et al.
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(1995) using reconstituted soft laboratory water. The <24-hr old neonates were exposed to 1, 5,
10, 19 and 41 pg/L measured cadmium concentrations in addition to a laboratory water control at
25°C. The NOEC and LOEC were 10 and 19 pg/L cadmium, respectively, with a resulting
chronic value of 13.78 ug/L cadmium. An ECy could not be calculated with the information
provided for this test. Similarly, both Spehar and Fiandt (1986) and Brooks et al. (2004) lacked
the details necessary to calculate ECys. MATCs for these tests were reported at 2.20 and 1.93
ug/L total cadmium, respectively. Chronic values for these three studies ranged from 1.264 to
49.75 pg/L total cadmium when normalized to a total hardness of 100 mg/L as CaCOs.
Researchers at Southwest Texas State University (2000) also evaluated the chronic
toxicity of cadmium to C. dubia. Five replicate tests were conducted using static-renewal
exposures and laboratory reconstituted hard water at a hardness of 270 mg/L as dilution water for
the five cadmium concentrations. For reproduction, NOECs ranged from 1.073 to 5.457 ng/L,
LOECs from 2.391 to 9.934 ug/L, and the MATCs from 1.602 to 7.259 pg/L cadmium.
Reproductive ECys for these tests were very similar to the MATCs, and ranged from 1.341 to
6.129 pg/L cadmium at 270 mg/L hardness, which is equivalent to 0.6071 to 2.775 pg/L when
normalized to a total hardness of 100 mg/L as CaCOs;. An ECy could not be estimated for C.
reticulata (Table 9) and data from this study was not used in the GMCV calculation. The
resultant hardness-normalized SMCV and GMCYV for this species is 1.293 pg/L, and is the

second most sensitive genus in the chronic dataset.

Cottus bairdii

Besser et al. (2007) evaluated the chronic toxicity of cadmium to the mottled sculpin,
(Cottus bairdii), via a 28-day flow-through measured concentration early life stage (ELS) test.
Swim-up fry were exposed to five cadmium concentrations diluted with a well water/reverse
osmosis treated water mixture (103 mg/L average total hardness). Survival, growth and biomass
were evaluated at test termination. Survival was the most sensitive endpoint with a NOEC,
LOEC and MATC of 1.4, 2.6 and 1.91 ng/L cadmium, respectively. The estimated hardness-
normalized 28-day survival ECy of 1.721 pg/L cadmium is very similar to the MATC at the test
hardness of 103 mg/L. The authors also conducted a 21-day ELS test with the mottled sculpin
using the same dilution water, and observed a more sensitive survival effect concentration of

0.8758 pg/L cadmium for the MATC, and an estimated EC,, of 1.285 pg/L cadmium. Both tests
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were used to calculate a SMCV/GMCYV of 1.470 ng/L cadmium, and ranks Cottus as the third

most chronically sensitive genus to cadmium.

Chironomus dilutus

Ingersoll and Kemble (2001) exposed the midge Chironomus dilutus to cadmium under
the same conditions listed above for the amphipod H. azteca, except that a thin 5 mL layer of
sand was provided as a substrate. The <24-hr old larvae were exposed to water-only mean
measured total cadmium concentrations of 0.15 (control), 0.50, 1.5, 3.1, 5.8 and 16.4 png/L
cadmium for 60 days. The mean weight, biomass, percent emergence and percent hatch 20-day
NOEC and LOEC values for all endpoints were 5.8 and 16.4 ug/L cadmium, respectively. The
calculated EC, based on percent hatch was 4.548 ug/L total cadmium or 2.000 pg/L when
normalized to a total hardness of 100 mg/L as CaCOs, and is the fourth most sensitive genus to

cadmium in the chronic dataset,

Table 9. Ranked Freshwater GMCYVs.
(Note: All data adjusted to a total hardness of 100 mg/L as CaCOs and expressed as total cadmium).
(Values in bold are new/revised data since the 2001 AWQC).

Rank? (ng/l total) Species (ug/l total)

20 >38.66 Blue tilapia, >38.66°
Oreochromis aureus
Oligochaete,
19 36.70 Aeolosoma headleyi 36.70
18 16.43 Bluegill, . 16.43
Lepomis macrochirus
17 15.16 Oligochacte, 15.16
Lumbriculus variegatus
Smallmouth bass, o
16 14.22 Micropterus dolomieu 14.22
15 14.17 Northern pike, 14.17¢
FEsox lucius
14 14.16 Fathead minnow, 14.16
Pimephales promelas
13 13.66 White sucker, ) 13.66¢
Catostomus commersonii
Fatmucket,
12 11.29 Lampsilis siliquoidea 11.29
1 9.887 Pond snail, . 9.887
Lymnaea stagnalis
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Flagfish,

10 8.723 Jordanella floridae 8.723
Snail,

? 3.516 Aplexa hypnorum 3.516
Atlantic salmon,

8 3.360 Salmo salar (LS) 2.389
Brown trout,

) ) Salmo trutta 4.725
Rio Grande cutthroat trout,

7 3.251 Oncorhynchus clarkii virginalis 3.543

) ) Coho salmon, NAP
Oncorhynchus kisutch (LS)

) ) Rainbow trout, 2.192
Oncorhynchus mykiss (LS) '

) ) Chinook salmon, 4406
Oncorhynchus tshawytscha (LS) ’
Brook trout,

6 2.336 Salvelinus fontinalis 2.336
Lake trout, b

) ) Salvelinus namaycush NA

5 2.024 Cladoceran, 0.9150
Daphnia magna
Cladoceran,

) ) Daphnia pulex 4.478
Midge,

4 2.000 Chironomus dilutus 2.000
Mottled sculpin,

3 1.470 Cottus bairdii 1.470
Cladoceran,

2 1.293 Ceriodaphnia dubia 1.293

) ) Cladoceran, NAP
Ceriodaphnia reticulata
Amphipod,

! 0.7453 Hyalella azteca 0.7453

 Ranked from most resistant to most sensitive based on Genus Mecan Chronic Value.

® Not included in the GMCYV calculation because normalized ECy data are available for the genus.

¢ Calculated from the MATC and not EC,p, but retained to avoid losing a GMCV.

[The following species were not included in the Ranked GMCYV table because hardness test conditions were not
reported and therefore toxicity values could not be normalized to the standard hardness of 100 mg/L as CaCOs:
Mudsnail, Potamopyrgus antipodarum.)

LS = Federally-listed species
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Figure 5. Ranked Freshwater Cadmium GMCVs.

3.2 Estuarine Toxicity to Aquatic Animals

3.2.1 Acute toxicity

Acceptable acute data for cadmium are available for 94 different estuarine/marine species

representing 79 genera (Table 10). Figure 6 plots the ranked GMAVs for cadmium in
estuarine/marine environments based on acute toxicity. The following sections detail the

derivation of these GMAYV summaries.

Water quality parameters affecting toxicity

Estuarine/marine fish species are generally more resistant to cadmium than freshwater

fish species with SMAVs ranging from 75.0 pg/L for the striped bass (at a salinity of 1 g/kg) to

>80,000 ng/L for the Mozambique tilapia (Appendix B). There are several water quality
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parameters that appear to affect the toxicity of cadmium to estuarine/marine species. In a study
of the interaction of dissolved oxygen and salinity on the acute toxicity of cadmium to the
mummichog, for example, Voyer (1975) found that 96-hr LCss at a salinity of 32 g/kg were
about one-half of 96-hr LCss at salinities of 10 and 20 g/kg. As discussed in Section 5.4.1, this
increase in toxicity with increasing salinity is not consistent with other data reported in
Appendix B and Appendix I, and a salinity correction factor could not be developed.

Limited investigations have been conducted to characterize the influence of temperature
on cadmium toxicity. O’Hara (1973a) investigated the effect of water temperature and salinity on
the toxicity of cadmium to the fiddler crab, Uca pugilator. LCses at 20°C were 32,300, 46,600
and 37,000 pg/L at salinities of 10, 20 and 30 g/kg, respectively. Increasing the water
temperature from 20 to 30°C lowered the LCs at all of the salinities tested. Toudal and Riisgard
(1987) reported that increasing the water temperature from 13 to 21°C at a salinity of 20 g/kg
also lowered the LCso value of cadmium for the copepod, Acartia tonsa. Thus, increasing
temperature levels generally resulted in the greater toxicity of cadmium to aquatic organisms, but

sufficient data are not available to develop a quantitative relationship.

Summaries of studies used in acute estuarine/marine criterion determination

Suitable cadmium acute toxicity test results for estuarine/marine organisms are now
available for 78 invertebrate species and 16 fish species, for a total of 94 species grouped into 79
genera (Appendix B). Forty of the 79 GMAVs in the updated dataset have new data. Three new
invertebrate species, Neomysis americana, Tigriopus brevicornis and Aurelia aurita now
represent the three most sensitive taxa in the distribution (GMAVs of 28.14, 29.14 and 61.75
ng/L, respectively). The most sensitive fish is the striped bass, Morone saxatilis, with a GMAV
= 75.0 ug/L and ranked the 5™ most sensitive species in the new dataset (Table 10).

Acute sensitivity ranges widely amongst the estuarine/marine genera for which acute
values are available, with the most sensitive species approximately 6,000 times more sensitive
than the most resistant species. The GMAVs for estuarine/marine invertebrate species range
from 28.14 pg/L for the mysid, Neomysis to 169,787 pg/L for the horseshoe crab, Limulus
(Table 10). The SMAVs for estuarine/marine polychaetes range from 200 pg/L for Capitella
capitata to 12,052 pg/L for Neanthes arenaceodentata. Estuarine/marine molluscs have SMAVs

that range from 60 pg/L for the horse clam (7resus capax) to 23,200 ug/L for the dog whelk
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(Nucella lapillus). Acute values are available for more than one species in each of 15 genera, and
the range of SMAVs within each genus is no more than a factor of 10 for 14 of the 15 genera.
Opysters (Crassostrea) include SMAVs that differ by a factor of 21.9, which is possibly due to
different exposure conditions between the tested species. As described for the freshwater data,
only the most sensitive SMAV is used in calculating the GMAYV for Crassostrea. Furthermore,
to avoid using test results from studies in which the life stage tested is known to be less sensitive
than other life stages (Appendix B), only the data from Reish et al. (1976) were used for C.
capitata, and only data from Martin et al. (1981) and Nelson et al. (1988) were used for M.
edulis. Similarly, only data from Sullivan et al. (1983) were used for L. affinis, while only data
from Wright and Frain (1981) were used for Marinogammarus obtusatus. Finally, only data from
Cripe (1994) were used for F. duorarum, only data from Park et al. (1994) were used for Rivulus
marmoratus and only data from Hilmy et al. (1985) were used for Mugil cephalus. The
distribution of ranked estuarine/marine GMAVs for cadmium is depicted in Figure 6.

There are sufficient data to fulfill the necessary requirements to calculate an acute
criterion for cadmium in estuarine/marine water using the species sensitivity distribution (SD)
method. The second through fifth most sensitive genus were used in the computation of the Final

Acute Value (FAV) and are ranked below from most to least sensitive:

2. Tigriopus brevicornis, Copepod (GMAV=29.14 nug/L total Cd)
3. Aurelia aurita, Moon jellyfish (GMAV=61.75 ug/L total Cd)
4. Americamysis (GMAV=67.39 ug/L total Cd)

5. Morone saxatilis, Striped bass (GMAV=75.0 ug/L total Cd)

The most sensitive genus, Neomysis (GMAV=28.14 ug/L total cadmium), 1s not included
in the criteria numeric calculation because it is not within the four GMAVs closest to the 5%
percentile of sensitivity in the distribution of 79 genera included in the dataset. The resulting
calculated FAV 1s 66.25 ug/L total cadmium. Summaries are provided below for the individual
species or genera (in cases where more than one species is included in the calculation of the
GMAYV) used to calculate the estuarine/marine FAV. All values are provided in terms of total

cadmium.

lit

EPA-HQ-2016-005391_00051930



Tigriopus brevicornis

The GMAV/SMAV of 29.14 pg/L cadmium for the copepod, 7igriopus brevicornis, s

based on the geometric mean of three 96-hr LC50s from tests conducted with three different life
stages and a salinity that ranged from 34.5 to 35 g/kg. (Forget et al. 1998). The copepods were
exposed to unmeasured static cadmium chloride solutions and the resulting acute values were
17.4,29.7 and 47.9 pug/L cadmium for the nauplius, copepodid and ovigerous female life stages,
respectively (Appendix B).

Aurelia aurita

Free-swimming larvae (ephyra) of the moon jellyfish, Aurelia aurita, were exposed to
cadmium nitrate in a static, unmeasured test for 48-hr (Faimali et al. 2013). The SMAV/GMAV
of 61.75 ug/L cadmium is the fifth most sensitive species in the estuarine/marine acute dataset

and the third most sensitive genus (Table 10).

Americamysis
The GMAYV of 67.39 nug/L cadmium for Americamysis is the geometric mean of the

SMAVs for the two mysid species 4. bahia and A. bigelowi (formerly identified as Mysidopsis
bigelowi). Acceptable acute values for 4. bahia range from 11.1 to 110 ug/L total cadmium.
While there are 14 acceptable acute values, the SMAV of 41.29 ug/L total cadmium is calculated
from only the two flow-through measured exposures conducted at salinities of 10-17 g/kg

(Nimmo et al. 1977a) and 30 g/kg (Gentile et al. 1982; Lussier et al. 1985).

Morone saxatilis

The striped bass has a GMAV/SMAYV of 75.0 ug/L cadmium and is the most sensitive

fish species and the fifth most sensitive genus in the estuarine/marine acute dataset (Palawski et
al. 1985). This value is based on a test where 63-day old fish were exposed to static and

unmeasured concentrations of cadmium chloride for 96-hr at a salinity of 1 g/kg.
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Table 10. Ranked Estuarine/Marine GMAYVs.
(Values in bold are new/revised data since the 2001 AWQC).

Rank' (ug/lL total) Species (ne/l total)

79 169,787 Horseshoe crab, 169,787
Limulus polyphemus
Oligochaete worm,

78 135,000 Monopylephorus cuticulatus 135,000

77 >80,000 Mozamb1qu§ tilapia, . 80,000
Oreochromis mossambicus

76 62,000 Scorpionfish, 62,000
Scorpaena guttata

75 28,196 Sheepshead minnow, 28,196
Cyprinodon variegatus
Cunner,

74 25,900 Tautogolabrus adspersus 25,900
Oligochaete worm,

73 24,000 Tubificoides gabriellae 24,000
Dog whelk,

2 23,200 Nucella lapillus 23,200
Amphipod,

7 22,887 Eohaustorius estuarius 22,887
Mummichog,

70 19,550 Fundulus heteroclitus 18,200
Striped killifish,

) ) Fundulus majalis 21,000

69 19,170 Eastern'mud snail, 19,170
Nassarius obsoletus

68 14,297 Winter flounder, ' 14,297
Pseudopleuronectes americanus

67 12,755 Fiddler crab, 21,238
Uca pugilator
Fiddler crab,

) ) Uca triangularis 7,660

Polychaete worm,

66 12,052 Neanthes arenaceodentata 12,052

65 11,000 Shiner perch, 11,000
Cymatogaster aggregata

64 >10,200 Cah.forma market squid, >10.200
Loligo opalescens

63 10,114 Polychaete worm, 10,114
Alitta virens

62 10,000 Oligochacte, 10,000
Tectidrilus verrucosus
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Striped mullet,

61 9,217 Mugil cephalus 7079
White mullet,

) ) Mugil curema 12,000

Nematode,

60 9,100 Rhabditis marina 9,100

59 >8,000 Isopod. >8,000
Excirolana sp.
Sand dollar,

>8 7,400 Dendraster excentricus 7,400

57 7,120 Wood borer, 7,120
Limnoria tripunctata

56 6,700 Amphipod, 6,700
Diporeia spp.

55 6.600 Atlantic pyst;r drill, 6.600
Urosalpinx cinerea

54 4,900 Mud crab, 4,900
Eurypanopeus depressus

53 4,700 Polychacte, 4700
Nereis grubei

57 4,100 Greep shore crab, 4100
Carcinus maenas
Blue crab,

> 4,058 Callinectes sapidus 2,594
Lesser blue crab,

) ) Callinectes similis 6,350

Polychaete,

S0 3,925 Ophryotrocha diadema 3,925
Scud,

49 3,500 Marinogammarus obtusatus 3,500
Polychaete worm,

48 3,142 Ctenodrilus serratus 3,142
Amphipod,

47 2,900 Ampelisca abdita 2,900
Cone worm,

46 2,600 Pectinaria californiensis 2,600
Common starfish,

4 2,413 Asterias forbesi 2413

44 2110 Pac1ﬁ§: sand crab, 2110
Emerita analoga
Gastropod,

43 2,060 Tenguella granulata 2,060

4 1,720 Tiger shrimp, 1,720
Penaeus monodon
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Copepod,
4l 1,708 Pseudodiaptomus coronatus 1,708
40 1,672 Soft-shell clgm, 1,672
Mya arenaria
Amphipod,
39 1,510 Rhepoxynius abronius 1,510
38 1,506 Brown mussel, 1,146
Perna perna
Green mussel,
) ) Perna viridis 1,981
Coho salmon,
37 1,500 Oncorhynchus kisutch (LS) 1,500
White shrimp,
36 1,271 Litopenaeus setiferus 990
) ) Whlte shrimp, . 1,632
Litopenaeus vannamei
35 1228 Daggerblade grass.shnmp, 1,983
Palaemonetes pugio
) ) Grass shrimp, 760
Palaemonetes vulgaris
Starlet sea anemone,
34 1,184 Nematostella vectensis 1,184
Atlantic silverside,
33 1,054 Menidia menidia 1,054
Ampbhipod,
32 1,041 Corophium insidiosum 1,041
Pinfish,
3 1,000 Lagodon rhomboides 1,000
Green sea urchin,
30 862.9 Strongylocentrotus droebachiensis 1,800
) ) Purple sea urchin, 4137
Strongylocentrotus purpuratus '
29 800 Rivulus, 800
Rivulus marmoratus
3 794 5 ngpactlco.ld. copepod, 794 5
Nitokra spinipes
27 765.6 Bay scallop, 1,480
Argopecten irradians
) ) Scallop, . 396
Argopecten ventricosus
26 739.2 Amphipod, 739.2
Leptocheirus plumulosus
Blue mussel,
2 736.2 Mytilus edulis 1,073
lvi
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Blue mussel,

) ) Mpytilus trossolus S05.0

24 716.2 Amphipod, 716.2
Elasmopus bampo

23 645.0 Longwrist hermﬁ crab, 645.0
Pagurus longicarpus
Amphipod,

22 630.7 Grandidierella japonica 630.7
Amphipod,

21 630 Chelura terebrans 630
Barnacle,

20 490 Amphibalanus amphitrite 490

19 422.6 Mangrove oyster, 422.6
Isognomon californicum

18 410.3 Mysid, 410.3
Praunus flexuosus

17 4100 Isopod, 410.0
Joeropsis sp.

16 320 Sand shrimp, 320
Crangon septemspinosa

15 3105 Northern pink shrimp, 3105
Farfantepenaeus duorarum

14 235.7 Rock crab, 250
Cancer plebejus

) ) Dungeness c.rab, 2223
Cancer magister

13 294 Harpactlcqld copepoq, . 224
Sarsamphiascus tenuiremis
Cabezon,

12 >200 Scorpaenichthys marmoratus >200
Polychaete worm,

1 200 Capitella capitata 200

10 188.1 Horse clam, 60
Tresus capax
Horse clam,

) ) Tresus nuttalli 390

9 1732 Pacific oyster,. 173.2
Crassostrea gigas

) ) American oyst.er,. . 3,800
Crassostrea virginica
Calanoid copepod,

8 147.7 FEurytemora affinis 147.7

7 130.7 Copepod, 144
Acartia clausi
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) ) Calanpld copepod, 118.7
Acartia tonsa

6 73 American lobstér, 73
Homarus americanus
Striped bass,

3 750 Morone saxatilis 750
Mysid,

4 67.39 Americamysis bahia 41.29

) ) Mysid, 110
Americamysis bigelowi

3 61.75 Moon jellyfish, 61.75
Aurelia aurita

2 29.14 Harpacticoid copepod, 29.14
Tigriopus brevicornis

1 28.14 Mysid, . 28.14
Neomysis americana

? Ranked from least to most sensitive based on Genus Mean Acute Value.

" There is a 10x difference in SMAVs for the genus, only most sensitive SMAYV is used in the calculation.

LS = Federally-listed species
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Figure 6. Ranked Estuarine/Marine Cadmium GMAVs.

3.2.2 Chronic toxicity

Chronic studies were available for only two species of mysids for consideration in
deriving a chronic criterion for cadmium in estuarine/marine water. The taxonomic nomenclature
of one of those species has recently changed so there is now only one genus represented by the
two species (Table 11). Because the MDR is not met for derivation of the estuarine/marine FCV,
the ACR approach was employed whereby the estuarine/marine FAV is divided by the FACR
(see Section 4.4.2). Although three ACRs are typically required to calculate an FACR, only two
ACRs for estuarine/marine species were used in 2001 to calculate the estuarine/marine FACR.
Freshwater ACRs were not used in 2001 to support the derivation of the estuarine/marine FACR

because the range of freshwater ACR values was considered too large for inclusion (see Section
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5.9.5). With the availability of additional freshwater toxicity data, the updated estuarine/marine
FACR now incorporates six freshwater genus-level ACRs and one estuarine/marine genus-level
ACR. EPA believes that inclusion of the freshwater species ACRs (that are acutely sensitive and
have taxonomically-related marine species) with the estuarine/marine species ACRs is the most
appropriate and representative method for deriving the FACR.

The GMCV for estuarine/marine species based on chronic cadmium toxicity in a
saltwater medium is identified in Table 11. This GMCYV is plotted in Figure 7 in relation to the
new FCV/CCC of 8.0 ug/L total cadmium. The following presents a discussion of
estuarine/marine chronic data used in deriving the estuarine/marine chronic criterion for
cadmium. The chronic values are based on estimated ECy values for each of two species. The

EC, values and SMCVs derived are tabulated and included in Appendix D.

Americamysis

Three chronic toxicity tests have been conducted with the estuarine/marine invertebrate,
Americamysis bahia, formerly classified as Mysidopsis bahia, and one acceptable study was
conducted with Americamysis bigelowi, tormerly classified as Mysidopsis bigelowi. Nimmo et al.
(1977a) conducted a 23-day life-cycle test with 4. bahia at a temperature ranging from 20 to
28°C and a salinity ranging from 15 to 23 g/kg. Survival was 10 percent at 10.6 pug/L cadmium,
84 percent at the next lower test concentration of 6.4 ng/L cadmium, and 95 percent in the
controls. No unacceptable effects were observed at cadmium concentrations < 6.4 ug/L. The
chronic toxicity limits, therefore, are 6.4 and 10.6 pg/L cadmium, with a MATC chronic value of
8.237 pug/L cadmium. The accompanying reproductive ECy estimate was 5.605 pg/L cadmium
and the 96-hr LCs, was 15.5 ug/L cadmium, resulting in an acute-chronic ratio of 2.765.

Another life-cycle test was conducted with 4. bahia at a constant temperature of 21°C
and salinity of 30 g/kg (Gentile et al. 1982; Lussier et al. 1985). All organisms died in 28 days at
23 pg/L cadmium. At 10 pg/L cadmium, a series of morphological aberrations occurred at the
onset of sexual maturity. External genitalia in males were aberrant, females failed to develop
brood pouches, and both sexes developed a carapace malformation that prohibited molting after
release of the initial brood. Although initial reproduction at this concentration was successful,
successive broods could not be born because molting resulted in death. No reproductive effects

on initial or successive broods were noted in the controls or at 5.1 pg/L cadmium. Thus, the
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chronic limits for this study are 5.1 and 10 pg/L cadmium, resulting in a MATC of 7.141 pg/L
cadmium. The corresponding EC, estimate for survival was 10.93 ug/L cadmium and the LCs,
at 21°C and salinity of 30 g/kg was 110 ng/L cadmium, which results in an ACR of 10.06 from
this study (Gentile et al. 1982; Lussier et al. 1985).

These Nimmo et al. (1977a) and the Gentile et al. (1982) and Lussier et al. (1985) studies
had excellent agreement between the chronic values, but considerable divergence between the
acute values and acute-chronic ratios. As discussed in Section 5.4.1, several studics have
demonstrated an increase in the acute toxicity of cadmium with decreasing salinity and
increasing temperature (Appendix B and Appendix I), and the observed differences in acute
toxicity to the mysids might be partially explained on this basis. Nimmo et al. (1977a) conducted
their acute test at 20 to 28°C and salinity of 15 to 23 g/kg, whereas the test conducted by Gentile
et al. (1982) and Lussier et al. (1985) was performed at 21°C and salinity of 30 g/kg.

A third A. bahia chronic study was conducted by Carr et al. (1985) at a salinity of 30
g/kg, but the temperature varied from 14 to 26°C over the 33 day study. At test termination, >50
percent of the organisms had died in cadmium exposures >8 pg/L. After 18 days of exposure,
growth in 4 png/L cadmium, the lowest concentration treatment group, was significantly reduced
when compared to the controls. The resultant chronic limits based on growth are a NOEC <4
ug/L and a LOEC of 4 ug/L (LOEC) cadmium. The accompanying survival ECy estimate was
5.833 pg/L cadmium. The SMCV for 4. bahia is the geometric mean of the three ECy values, or
6.149 pg/L. Acute data were not reported for this study.

Gentile et al. (1982) also conducted a life-cycle test with the mysid, 4. bigelowi, and the
results were very similar to those for 4. bahia. The ECy, for this test was 11.61 ug/L cadmium
and the ACR is 9.475 when paired with the acute LCs, for 4. bigelowi of 110 pg/L cadmium.
The resulting GMCV for Americamysis is 8.449 pug/L cadmium (Table 11) and is the only

GMCYV in the estuarine/marine chronic dataset.

Table 11. Ranked Estuarine/Marine GMCVs.
(Values in bold are new/revised data since the 2001 AWQC).

Rank? (ng/L total) Species (ng/L total)

Mysid,

! 8.449 Americamysis bahia

6.149
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Mysid,
Americamysis bigelowi

? Ranked from least to most sensitive based on Genus Mean Chronic Value.

‘ 11.61 ‘
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Summary of Ranked Cadmium GMCVs
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Figure 7. Ranked Estuarine/Marine Cadmium GMCVs.

3.3 Bioaccumulation

No U.S. Food and Drug Administration (FDA) action level or other maximum acceptable
concentration in tissue, as defined in the 1985 Guidelines, is available for cadmium. Therefore, a
Final Residue Value was not developed for fish tissue. However, as discussed in Section 2.3,
although cadmium can bioaccumulate in the tissues of aquatic life, at criteria concentrations it is
unlikely to accumulate to levels that would result in adverse effects to aquatic invertebrates, fish,
or wildlife from the ingestion of aquatic life that have accumulated cadmium in their tissues.
This conclusion is supported by the extensive amount of tissue residue-effects data in the
literature, more than is available for any other chemical (Jarvinen and Ankley 1999, Bridges and

Lutz 1999). Most aquatic organisms are considered to be more susceptible to cadmium from
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direct aqueous exposure than through bioaccumulation and the development of criteria protective
of direct exposure effects are considered more applicable to the development of criteria for
aquatic life. Acceptable bioaccumulation data are provided in Appendix G and discussed in

Section 5.6.

3.4 Toxicity to Aquatic Plants

Available data for aquatic plants and algae were reviewed to determine if they were more
sensitive to cadmium than aquatic animals (see Appendix A and Appendix E for freshwater
species; see Appendix B and Appendix F for estuarine/marine species). Effect concentrations
for freshwater plants and algae were well above the freshwater criteria. With only a few
exceptions, estuarine/marine plants were less sensitive than estuarine/marine animals, and it was
therefore unnecessary to develop criteria based on the toxicity of cadmium to aquatic plants in
this update. The only two exceptions were the green algae Dunaliella viridis and Scenedesmus
sp., each having a static-unmeasured 10-d MATC of 7.07 pg/L cadmium. As recommended in
the 1985 Guidelines (Stephan et al. 1985), these unmeasured plant studies were not used for the

derivation of a Final Plant Value.
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4 The National Criteria for Cadmium

4.1 The Freshwater Cadmium Criteria

Freshwater Criterion Maximum Concentration (CMC)

CMC= (09789 x In(hardness) = 3.866) x CF

Where CF (conversion factor) = 1.136672 - [(In hardness) x (0.041838)]
The resultant CMC of 1.8 pg/L for dissolved cadmium at a hardness of 100 mg/L as CaCO:s.
The CMC was derived to be protective of the commercially and recreationally important rainbow
trout (Oncorhynchus mykiss), consistent with procedures described in the 1985 Guidelines, and
1s below all the SMAVs in Table 7, when the SMAVs are expressed on a dissolved basis. A
comparison of the updated CMC to the 2001 CMC across various hardness levels is presented in

Table 12.

Freshwater Criterion Continuous Concentration (CCC)

CCC — e(0.7977){ In(hardness) — 3.909) X CF

Where the CF (conversion factor) = 1.101672 - [(In hardness) x (0.041838)]
The resultant CCC of 0.72 pg/L for dissolved cadmium at a hardness of 100 mg/L is below all
the SMCVs in Table 9. A comparison of the updated CCC to the 2001 CCC across various

hardness levels is presented in Table 12.

Table 12. Freshwater CMC and CCC at Various Water Hardness.

(mg/L as CaC0y) o/l. Cd dissolved) o/l. Cd dissolved
== L. 22 Ll
(superseded) 2016 Criteria (superseded) 2016 Criteria

100 2.0 1.8 0.25 0.72
150 3.0 2.6 0.33 1.0
200 39 34 0.40 1.2
250 49 4.2 0.46 14
300 59 5.0 0.53 1.6
350 6.8 58 0.59 1.8
400 7.7 6.5 0.64 2.0
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4.2 The Estuarine/Marine Cadmium Criteria

Estuarine/Marine Criterion Maximum Concentration (CMC)
CMC:
Total Cadmium Final Acute Value = 66.25 pg/L
Total Cadmium Criterion Maximum Concentration = (66.25 ng/L)/2 =33.13 pg/L
Dissolved Cadmium Criterion Maximum Concentration = 0.994 x (33.13 pg/L) =33

pg/L

Estuarine/Marine Criterion Continuous Concentration (CCC)
CCC:
Final Acute-Chronic Ratio = 8.291 (see Section 4.4.2)
Total Cadmium Final Chronic Value = (66.25 ng/L)/8.291 =7.991 ng/L
Dissolved Cadmium Final Chronic Value = 0.994 x (7.991 ug/L) = 7.9 pg/L

4.3 Freshwater Criteria Calculations

4.3.1 Acute

The freshwater Final Acute Value (FAV) for total cadmium at a total hardness of 100
mg/L as CaCOs was calculated to be 5.733 pg/L total cadmium (Table 13), based on the
fGMAVs shown in Table 7. This value is below all other SMAVs listed in Table 7 (see also
Figure 3), with the exception of the SMAVs for rainbow trout, mottled sculpin, shorthead
sculpin, bull trout, cutthroat trout and brown trout. However, since the SMAV for the
commercially and recreationally important rainbow trout is below this value, the FAV was
lowered to 3.727 ug/L total cadmium (at a hardness of 100 mg/L) to protect this species. This
lowered value is also protective of all other species, including salmonids, for which toxicity data
are available. The resulting freshwater Criterion Maximum Concentration (CMC) at a hardness
of 100 mg/L as CaCO; for total cadmium is (in pg/L) = e0#78Inthardness)1-3866) and is equal to 1.9
pg/L. When the CMC based on total cadmium concentration is converted to dissolved cadmium
using the 0.944 conversion factor, which was determined at a hardness of 100 mg/L as CaCOs
(Stephan 1995; Univ. of Wisconsin-Superior 1995), the freshwater CMC for dissolved cadmium
(in pg/L) = 0.944 x [e©@78nthardness) 38661 The resultant 1.8 ug/L CMC for dissolved cadmium at a
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hardness of 100 mg/L is lower than all of the SMAVs/GMAVs presented in Table 7, as
illustrated graphically in Figure 3.

Conversion factors

Although past water quality criteria for cadmium (and other metals) have been
established based upon the loosely defined term of “acid soluble metals,” EPA made the decision
to allow the expression of metal criteria on the basis of dissolved metal concentration (U.S. EPA
1994b), which 1s operationally defined as the portion of metal that passes through a 0.45 um
filter. Because most of the data in existing databases are from tests that provide only total
cadmium concentrations, a procedure was required to convert total to dissolved concentrations.
Conversion factors (CFs), corresponding to the percent of the total recoverable metal that are
dissolved, were applied to total metal concentrations to estimate dissolved metal concentrations.
The CFs for cadmium were derived using data from “simulation tests” that were conducted to
test the relationship between total and dissolved cadmium concentrations at a range of different
hardness values. The objective of the simulation tests was to estimate the cadmium
concentrations that would have been detected if dissolved metal concentrations had been
measured (Lussier et al. 1995; Stephan 1995; Univ. of Wisconsin-Superior 1995). Hardness was
the focus of the simulation tests (and development of the CFs) because it was determined to be
the most important variable affecting cadmium toxicity in freshwater.

The data presented in this document are in most cases provided as total cadmium. Only
the final cadmium criteria values are converted from total to dissolved concentrations using the
appropriate CFs, which are hardness-dependent in fresh water. Acute freshwater total cadmium
concentrations were converted to dissolved concentrations using the factor of 0.973 at a total
hardness of 50 mg/L as CaCOs, 0.944 at a total hardness of 100 mg/L as CaCOs, and 0.915 ata
total hardness of 200 mg/L as CaCO;. The equation for the acute freshwater conversion factor 1s
CF =1.136672 - [(In hardness) x (0.041838)] where the (In hardness) is the natural logarithm of
the hardness (Stephan 1995; U.S. EPA 2009b).
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Table 13. Freshwater FAV Calculation.

GMAV Genus
GMAV IN(GMAY) | In(GMAVY | P-R/ANt1) sqreP)

Oncorhynchu 6.141 0.066 0.256
4 Morone 5.931 1.78 3.17 0.053 0.229
3 Salmo 5.642 1.73 2.99 0.039 0.199
2 Cottus 4411 1.48 2.20 0.026 0.162
Sum: 6.81 11.66 0.184 0.847

2= 13.60

L= 0922

= 1.746

FAV= 5733

FAV (trout lowered) 3.727

CMC= 1.9

Where, S=slope, L=intercept, A=In(FAV); and FAV=final acute value (total cadmium).

4.3.2 Chronic

All chronic values, which were expressed as ECys whenever possible and MATCs when
necessary, were adjusted to a total hardness of 100 mg/L as CaCOj; using the pooled slope of
0.7977 (see Section 3.1.2). Normalized chronic values agreed well for most test organisms
within a species and for most species within a genus. The exception was the three values for
Atlantic salmon, which were very different. Twenty-seven SMCVs were calculated from the
underlined values in Appendix C. From these 27 SMCVs, 20 GMCVs were calculated and
ranked (Table 9). A freshwater Final Chronic Value was calculated from the 20 GMCVs using
regression analysis (Table 14). The freshwater Final Chronic Value for total cadmium at a
hardness of 100 mg/L as CaCO; is (in pg/L) = (0797 nthardaess)13:909) ‘and is equal to 0.79 pg/L. For
dissolved cadmium, the Final Chronic value at a hardness of 100 mg/L as CaCOs is (in pg/L) =
0.909 x [¢©7977linthardness) 13909 " and is equal to 0.72 pg/L. The equation for the chronic freshwater
conversion factor is CF = 1.101672 - [(In hardness) x (0.041838)]. At a hardness of 100 mg/L as
CaCQOs, all of the SMCVs and GMCVs are above the CCC (dissolved metal basis).
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Table 14. Freshwater FCV Calculation.

U | ™ owey | moven | movess | preen | e
Rank GMCV In(GMCYV) In(GMCYV)’ P=R/N'1) sqri(P)

Chironomus 2.000 0.69 0.48 0.190 0.436
Cottus 1.470 0.39 0.15 0.143 0.378
2 Ceriodaphni 1.293 0.26 0.07 0.095 0.309
a
1 Hyalella 0.7453 -0.29 0.09 0.048 0218
Sum: 1.04 0.78 0.476 1.34
2= 1927
L= -1212
A= -0.230

FCV= 0.79 ug/L
Where, S=slope, L=intercept, A=In(FCV); and FCV=final chronic value (total cadmium).

4.4 Estuarine/Marine Criteria Calculations

4.4.1 Acute

The estuarine/marine Final Acute Value for total cadmium calculated from the Genus
Mean Acute Values shown in Table 10 is 66.25 pg/L. This FAV is below the SMAYV for striped
bass (75.0 pg/L), but higher than the SMAVs for the mysid N. americana (28.14 pg/L), copepod
T brevicornis (29.14 pg/L), mysid 4. bahia (41.29 pg/L), moon jellyfish Aurelia aurita (61.75
ng/L) and horse clam 7resus capax (60 pg/L). The resultant estuarine/marine Criterion
Maximum Concentration (CMC) for total cadmium is 33 pg/L (FAV/2 or 66.25 nug/L/2). If the
total cadmium CMC is converted to dissolved cadmium using the 0.994 factor determined
experimentally by EPA according to the procedure described in Section 4.3.1, the
estuarine/marine CMC for dissolved cadmium is 33 pg/L (Table 15). The resultant CMC of 33
ug/L based on dissolved cadmium is below all but two of the estuarine/marine SMAVs (the
copepod, Tigriopus brevicornis and mysid, Neomysis americana) presented in Table 10 (Figure

6).
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Table 15. Estuarine/Marine FAV Calculation.

-----_
V N Rank GMAV In(GMAY) In(GMAV)’ P-R/Nt1) sqre(P)

Morone 75.0 4.32 18.64 0.063 0.250
Americamysi 67.39 421 17.73 0.050 0.224
s
3 Aurelia 61.75 4.12 17.00 0.038 0.194
2 Tigriopus 29.14 337 11.37 0.025 0.158
Sum: 16.02 64.74 0.18 0.83
$*= 1182
L= 1.763
A= 4193
FAV= 6625
CMC= 33

Where, S=slope, L=intercept, A=In(FAV); and FAV=final acute value.

4.4.2 Chronic

While there were sufficient data to calculate a freshwater chronic criterion using
regression analysis, the estuarine/marine chronic database consists of data representing only one
Genus/Family (Appendix D). Therefore, the alternative ACR approach was used for deriving an
estuarine/marine chronic criterion. This AWQC document update for cadmium recommends the
use of seven genus-level ACRs to calculate the FACR for estuarine/marine water (four
freshwater fish genera represented by five species, two freshwater invertebrate genera
represented by three species, and one acutely sensitive saltwater mysid genera represented by
two species). Acceptable ACRs are available for six freshwater invertebrates, eight freshwater
fish and two saltwater invertebrate species representing a diverse number of families (Table 16).
Unfortunately, none of the four methods suggested in the 1985 Guidelines (Stephan et al. 1985)
for calculating the FACR are appropriate for cadmium (e.g., the species mean ACR does not
increase or decrease as the SMAYV increases; the ACRs for a number of species are greater than a
factor of ten). Thus, an alternate approach was used to determine the FACR.

The recommended FACR of 8.291 was obtained from the geometric mean of seven genus-
level ACRs: one based on estuarine/marine mysids (7.070, which is the geometric mean of 5.275
for Americamysis bahia and 9.476 for A. bigelowi), two based on freshwater invertebrates (the
cladocerans Ceriodaphnia dubia (19.84) and Daphnia (23.90, which is the geometric mean of
57.23 for D. magna and 9.977 for D. pulex), and four based on freshwater fish (the mottled
sculpin, Cottus bairdii (11.22), the salmonids Oncorhynchus and Salmo (both raised to 2.0 since

Ixx

EPA-HQ-2016-005391_00051948



the ACRs for O. mykiss, O. tshawytscha and S. trutta were all below 2.0), and the fathead

minnow, Pimephales promelas (17.90)). The fish C. bairdii, S. trutta, Oncorhynchus and P.

promelas represent the second, third, fifth and forty-third most acutely sensitive freshwater

genera, respectively, and the cladocerans Daphnia and C. dubia are the twelfth and seventeenth

most acutely sensitive genera. The seven ACRs differ by a factor of 11.95, represent a diverse

mix of species, and are protective of the marine environment. The ACRs for the other freshwater

species were not used because they have no taxonomically-related marine species (e.g.,

pulmonate snails), and/or the ACRs appear to be outliers.

This approach was chosen because EPA believes that use of combined ACRs for a

variety of freshwater and estuarine/marine species is the most appropriate and representative

method for deriving the FACR. When the estuarine/marine Final Acute Value of 66.25 pg/L 1s

divided by the FACR of 8.291, the resulting estuarine/marine FCV 1s 8.0 ug/L total cadmium.

The dissolved cadmium FCV is computed by multiplying the total FCV by the conversion factor

of 0.994, resulting in a concentration of 7.9 pg/L.

Table 16. Acute-to-Chronic Ratios.

Acute Chronic
Value Value Species
Species (ng/l) o Ratio ACR Reference
FRESHWATER SPECIES
Snail, Holcombe et al. 1984; Phipps and
Aplexa hypnorum 93 4.002 2324 ) Holcombe 1985
Snail, Holcombe et al. 1984; Phipps and
Aplexa hypnorum 93 0.8737 106.4 49.74 Holcombe 1985
Pond snail, , 367.5 28.68 12.81 12.81 Pais 2012
Lymnaea stagnalis
Fatmucket, =~ 16 5.868 2.727 2727 | Wangetal. 2010d
Lampsilis siliquoidea
Cladoceran, 38.3 1.93 19.84 19.84 | Brooks et al. 2004
Ceriodaphnia dubia ) ) ) ) )
Cladoc§ran, 9.9 0.1523 65.00 - Chapman et al. manuscript
Daphnia magna
Cladoc§ran, 33 0.2118 155.8 - Chapman et al. manuscript
Daphnia magna
Cladoc§ran, 49 0.3545 138.2 - Chapman et al. manuscript
Daphnia magna
Cladoceran, 30 037 81.08 - Canton and Slooff 1982
Daphnia magna
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Cladoceran, 12.66° 1.10 11.51 - Baird et al. 1990; 1991
Daphnia magna
Cladoc§ran, ~6.85° 2496 =2 745 ) Chadwick Ecological Consultants
Daphnia magna 2003
Cladocgran, 3 43¢ 2373 ~1.446° ) Chadwick Ecological Consultants
Daphnia magna 2003
Cladoceran, 41.1 1.528 26.89 5723 Jemec et al. 2007; 2008
Daphnia magna
Cladoceran, 62 6214 9.977 - Niederlehner 1984
Daphnia pulex
Cladoceran, . b Chadwick Environmental
Daphnia pulex ~14.6 3.051 4785 0977 Consultants 2003
Rio Grande cutthroat trout, | ¢ 1.871 1319 1319 | Brinkman 2012
Oncorhynchus clarkii virginalis
Rainbow trout, 28347 | 2473 1.146 - Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 4391° 4762 0.922 - Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 6.564" | 3.808 1.724 - Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 8.54 1.82 4.692 - Davies and Brinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 13.4 9.508 1.409 - Davies and Brinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 2.79 2.604 1.071 - Davies and Brinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 5.200 3471 1.498 - Besser et al. 2007
Oncorhynchus mykiss
Rainbow trout, - >12 53 >2.264° 1.527 Wang et al. 2014a
Oncorhynchus mykiss
Chinook salmon,
Oncorhynchus tshawyischa 141 1.465 0.9626 0.9626 Chapman 1975, 1982
Brown trout, 237 0.6240 3.798 - Davies and Brinkman 1994¢
Salmo trutta
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 10.1 13.56 0.7448 ) 2007
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 3.9 6.36 0.6132 ) 2007
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 1.23 2.807 0.4382 0.9337 2007
Fathead minnow, 5,995¢ 24.71 242.6 - Pickering and Gast 1972
Pimephales promelas
Fathead minnow, 132 10.0 1.320 1790 | Spehar and Fiandt 1986
Pimephales promelas
Flagfish, .
Jordanella flovidae 2,500 5.018 498.2 498.2 Spehar 1976a;b

Ixxii

EPA-HQ-2016-005391_00051950



Bluegill,
Lepomis macrochirus

21,100

2935

7189

7189

Eaton 1974, 1980

Mottled sculpin,
Cottus bairdii

19.77¢

1.76

11.22

11.22

Besser et al. 2007

ESTUARINE/MARINE SPECIES

Americamysis bigelowi

Mysid, 15.5 5.605 2.766 - Nimmo et al. 1977a
Americamysis bahia

Mys@, . . 110 10.93 10.06 5975 Gentile et al. 1982; Lussier et al.
Americamysis bahia 1985

Mysid,

(formerly, Mysidopsis bigelowi) 110 11.61 9476 9476 Gentile et al. 1982

* Geometric mean of 6 LCses from Baird et al. (1991).

® Not used to calculate the species ACR because it is an undefined value.
¢ Geometric mean of 5 LCses from Pickering and Gast (1972).

¢ Geometric mean of 2 LCss from Besser et al. (2007).

° Test species fed.

f Geometric mean of 2 LCss from Davies et al. 1993,
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S EFFECTS CHARACTERIZATION

The purpose of this section is to characterize the potential effects of cadmium on aquatic
life based on available test data and to describe additional lines of evidence not used directly in
the criteria calculations, but which support the 2016 criteria values. This section also provides a
summary of the uncertainties and assumptions associated with the criteria derivation and
explanations for decisions regarding data acceptability and usage in the effects assessment.
Finally, this section describes substantive differences between the 2001 cadmium AWQC and
the 2016 update resulting from incorporation of the latest scientific knowledge.

All acceptable acute and chronic values used to derive criteria are presented in Appendix
A (Acceptable Freshwater Acute Toxicity Data), Appendix B (Acceptable Estuarine/Marine
Acute Toxicity Data, Appendix C (Acceptable Freshwater Chronic Toxicity Data) and
Appendix D (Acceptable Estuarine/Marine Chronic Toxicity Data). Acceptable aquatic plant
toxicity data are presented in Appendix E (Acceptable Freshwater Plant Toxicity Data) and
Appendix F (Acceptable Estuarine/Marine Plant Toxicity Data), though as discussed in Section
3.4, the vast majority of plants are less sensitive than other aquatic species and were not directly
used for the derivation of criteria. Acceptable bioaccumulation data are presented in Appendix
G (Acceptable Bioaccumulation Data), and since direct toxic effects occur more rapidly than
bioaccumulation effects, direct effects were therefore the focus of the criteria development.
Studies identified as scientifically sound, but that do not meet the screening guidelines for
inclusion in criterion calculations (e.g., duration too long or short, too few exposure
concentrations, unmeasured chronic test, atypical endpoint) are presented in Appendix H (Other
Freshwater Toxicity Data) and Appendix I (Other Estuarine/Marine Toxicity Data). Where
appropriate, these other data are often used qualitatively to support toxicity data compiled for
existing species to derive the criteria. The toxicity values in Appendix H and Appendix I for
Hyalella azteca and the glochidia and juvenile life stages of mussels represent studies that did
not satisfy the recommended test procedures and/or latest science as described in Sections 2.6,

5.1.2 and 5.2.1 of this document.

5.1 Freshwater Acute Toxicity Data

Acceptable acute toxicity data supporting the development of acute criteria are available
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for 101 freshwater species grouped into 75 genera. In general, fish are more acutely sensitive to
cadmium than are aquatic invertebrates. Fish comprise eight of the ten most sensitive genera to
cadmium, with an amphipod (H. azteca) ranked eighth, and a mussel (Lampsilis) ranked tenth.
The least sensitive genus is the midge Chironomus.

Several fish studies were identified as not meeting screening guidelines for inclusion in
the criteria calculations (Appendix H), but showed similar ranges of response to the most
sensitive fish species. Davies and Brinkman (1994a) reported a 96-hr LCso of 1.87 pg/L
cadmium for S. frutta (fed during the exposure), which is very similar to the unfed 96-hr LCs, of
2.37 ug/L determined by the same authors using the same dilution water. The data generated for
rainbow trout and reported in Hansen et al. (2002b) showed similar sensitivities to other
acceptable data for rainbow trout. Five-day LCs, values ranged from 1.108 to 2.729 ug/L when
normalized to a total hardness of 100 mg/L as CaCO;. Buhl and Hamilton (1991) and Chapman
and Stevens (1978) reported LCsos for Coho salmon of 14.36 pg/L (96-hr) and 8.804 ng/L (217-
hr), respectively, when normalized to a total hardness of 100 mg/L as CaCOs. In unmeasured,
flow-through cadmium exposures with sockeye salmon, Servizi and Martens (1978) reported
unnormalized 7-day LCs, values ranging from 8 to 4,500 pg/L for fry and alevins, respectively.
The range in sensitivity of the life stages tested by these authors is similar to other salmonid
studies used quantitatively to derive the acute criterion (Appendix A).

Sublethal effects of cadmium to invertebrate and vertebrate species have been reported
by a number of authors (Appendix H), many above the 2016 criteria levels. Bluegill sunfish
(Lepomis macrochirus) cough rate increased when exposed to 50 pg/L cadmium for three days
(Bishop and McIntosh 1981) and Low (2009) observed an increase in the auditory threshold for
fathead minnows exposed to 2.1 pg/L cadmium for four days. Ivankovic et al. (2010) reported
increased metallothionein levels in zebra mussels (Dreissena polymorpha) exposed to 10 pg/L
cadmium for seven days, and after 10 days limb regeneration of the Northwestern salamander
(Ambystoma gracile) was adversely affected at 44.6 pg/L cadmium (Nebeker et al. 1994).
Shorter exposures using adult Daphnia magna (3-hr) and larval Chironomus dilutes (24-hr)
resulted in a reduced phototactic index at 30 ug/L and increased HSP gene expression at 200
ug/L cadmium, respectively (Yuan et al. 2003; Lee et al. 2006b). In addition, rainbow trout
exhibited significant avoidance to 52 pg/L cadmium after an 80 minute exposure (Black and

Birge 1980).
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5.1.1 Acute toxicity data for freshwater mussels

The only acceptable tests evaluating the acute toxicity of cadmium to glochidia were for
the fatmucket, Lampsilis siliquoidea. However, the glochidia data were not used to derive the
SMAYV for this species because data for a more sensitive life stage were available (Wang et al.
2010d). For the fatmucket, Lampsilis siliquoidea, 5-day old juveniles (LCso of 35.73 ug/L) were
much more sensitive than glochidia (LCsy of >507.0 pug/L) and the data for the 5-day old
juveniles were included in the acute toxicity dataset.

All other glochidia test results were considered unacceptable and were not included in the
acute dataset (see Section 2.6). These included results from tests conducted by Black (2001),
who exposed Fusconia masoni and Utterbackia imbecillis glochidia to cadmium for 24 hours but

did not report the control mortality adequately for the data to be used quantitatively.

5.1.2 Suitability of acute Hyalella azteca data

Eleven studies investigated the acute toxicity of cadmium to the amphipod, H. azteca. Of
those 11 studies, only one was considered acceptable for quantitative use, while the others were
classified as supporting data and not used to derive the SMAYV for this species (Table 17). Data
from the ten studies were deemed unacceptable for the following reasons: test species were fed
(Schubauer-Berigan et al. 1993; Collyard et al. 1994; Suedel et al. 1997); dilution water not
adequately characterized (Mackie 1989); the dilution water was river water and had high TOC
(Spehar and Carlson 1984); or the test duration was too short (<96 hr) (McNulty et al. 1999;
Gust 2006) or too long (Phipps et al. 1995; Borgman et al. 2005).

Only results reported in Nebeker et al. (1986b) were considered acceptable and only the
ECso of 8 ng/L cadmium from Nebeker et al. (1986b) was used to derive the H. azteca SMAV,
which is equivalent to 23.00 ug/L cadmium when normalized to a total hardness of 100 mg/L as
CaCOs. As demonstrated in Table 7, the amphipod H. azfeca s the most acutely sensitive

invertebrate species in the cadmium database.
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Table 17. Acute studies of Hyalella azteca evaluated for cadmium freshwater criterion.

Normalized
Hardness Effect
(mg/L as Concentration | Concentration
Reference Life stage CaC0y Result of Evaluation
Large
11\196 ggtl)( er et al. juvenile & 34 8 23.00 Acceptable
young adult
Spehar and High TOC; River dilution water not
Carlson 1984a,b ) 3579 285 217 characterized
. 153 Dilution water not adequately characterized
Mackie 1989 (pH=5.0) 12 7537 (ClI- concentration unknown)
. 153 Dilution water not adequately characterized
Mackie 1989 (pH=5.5) 16 100.5 (ClI- concentration unknown)
. 153 Dilution water not adequately characterized
Mackie 1989 (pH=6.0) 33 207.3 (CI- concentration unknown)
Schubauer-
Berigan et al. - 280-300 230 81.10 Test species fed
1993
Collyard et al. 0-2d 90 ~13 14.41 Test species fed; Data graphed, could only
1994 ) get approximate value
Collyard et al. 2-44 90 ~75 3313 Test species fed; Data graphed, could only
1994 ) ) get approximate value
Collyard et al. 464 90 ~9.5 10.53 Test species fed; Data graphed, could only
1994 ) ) get approximate value
Collyard et al. 10-12 d 90 ~7 7759 Test species fed; Data graphed, could only
1994 get approximate value
Collyard et al. 16-18 d 90 <115 12.75 Test species fed; Data graphed, could only
1994 get approximate value
Collyard et al. 2426 d 90 ~14 15,52 Test species fed; Data graphed, could only
1994 get approximate value
Phipps ctal. i 44-47 2.8 6.051 Duration too long (10 d)
Suedel et al. Test species fed; Did not meet specific
1997 14-21d 17 2.8 15.86 acceptability criteria for this species
217-301
%‘;I;““y ctal . (starved for 48 99.34 39.13 Duration too short (24 hr)
hr before test)
217-301
%‘;I;““y ctal . (starved for 72 82.17 32.36 Duration too short (24 hr)
hr before test)
217-301
Il\g‘g;““y ctal. ; (starved for 96 65.00 25.60 Duration too short (24 hr)
hr before test)
Il\ggmhy ctal. ; 217-301 107.3 4227 Duration too short (24 hr)
Il\g‘;g]““y etal. - 217-301 75.42 29.71 Duration too short (24 hr)
Ilwgguhy etal. - 217-301 74.20 29.22 Duration too short (24 hr)
Jackson et al. Lack of control survival information; No
2000 7-10d 48 38 7.794 bromide in dilution water
Jackson et al. Lack of control survival information; No
2000 7-10d 18 12.1 10.29 bromide in dilution water
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?gg%mam ctal | g 18 0.15 0.8036 Duration too long (7 d)
?Sg%mam ctal 1-11d 124 1.60 1.296 Duration too long (7 d)
Gust 2006 - - 1.9 - Duration too short (72 hr)

*Normalized to a hardness of 100 mg/L using the pooled acute slope of 0.9789.

5.1.3 Uncertainty in the freshwater FAV calculation

A number of uncertainties are associated with calculation of the freshwater FAV as
recommended by the 1985 Guidelines (Stephan et al. 1985), and include use of limited data for a
species or genus, acceptability of widely variable data for a genus, application of safety factors,
and extrapolation of laboratory data to field situations. There are a number of cases in the acute
database where only one acute test is used to determine the SMAV and subsequently the GMAV
is based on the one acute test. In this situation there is a level of uncertainty associated with the
GMAYV based on the one test result since it does not incorporate the range of values that would
be available if multiple studies were available. The GMAYV is still valid, in spite of absence of
these additional data.

The acute database also includes several genera where two or more widely different
SMAVs (>10x factor) are available for estimating the GMAV. In this case the 1985 Guidelines
recommend that some or all of the values probably should not be used in calculations. To resolve
this, only the more sensitive SMAV (primarily due to a more sensitive life stage tested) was used
to calculate the GMAYV, thereby ensuring protection of the genus, as explained in Section 3.1.1.

The final step in the acute criteria derivation process is to divide the FAV by a safety
factor of 2 to yield the CMC. The CMC is set equal to half of the FAV to represent a low level of
effect for the fifth percentile genus, rather than a 50% effect. This adjustment factor was derived
from an analysis of 219 acute toxicity tests with a variety of chemicals (see 43 FR 21506-21518
for a complete description) where mortality data were used to determine the highest tested
concentration that did not cause mortality greater than that observed in the control (or between 0
and 10%). Application of this safety factor is justified in that the concentration represents
minimal acute toxicity to the species.

Application of water-only laboratory toxicity tests to protect aquatic species is a basic
premise of the 1985 Guidelines, supported by the requirements of a diverse assemblage of eight

families and the protection of 95 percent of all species. Confirmation has been reported by a
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number of researchers, thereby indicating that on the whole, extrapolation of laboratory data
does a reasonably good job of protecting natural aquatic communities. Certain exoskeleton
bearing aquatic organisms (e.g., aquatic insects), however, may not be adequately protected due
to their differential accumulation of aqueous vs. dietary cadmium (Poteat and Buchwalter 2014),
and this therefore represents uncertainty in the derived CMC. As discussed in Section 5.6.1,
selected insect species evaluated by different researchers exhibited cadmium dietary effect levels
lower than aqueous exposed organisms. The most sensitive insect in the acute database based on

water-only laboratory toxicity tests is the mayfly Baetis, ranked as the 32" most sensitive genus.

5.1.4 Acute criteria duration

For the 2016 acute cadmium criteria, EPA has changed the duration to 1-hour from the 24
hours EPA applied in the 2001 final cadmium criteria document. EPA made this change to the
2016 criteria to reflect the acute criteria duration recommended in the 1985 Guidelines. The draft
2001 cadmium criteria document used a 1-hour duration, which EPA subsequently revised to 24
hours in the final criteria document. The final cadmium criteria document did not detail the
rationale for this change, and EPA has further examined this issue as part of the 2016 criteria
update.

The 24-hour duration used in the 2001 final cadmium criteria document was based on a
limited number of fish toxicity studies that were conducted in the mid-1990s and which
suggested that cadmium time-to-effect may be longer than reflected by the 1-hour averaging
period. These studies were focused on fish and did not address trends in duration for other
aquatic species, such as invertebrates. Because of the limited nature of these investigations and
absence of additional supporting information, EPA decided to revise the acute duration in this
document to be consistent with the more protective 1-hour duration, which is generally
supported by and consistent with the 1985 Guidelines. Page 5 of the 1985 Guidelines, for
example, states that “For the CMC the averaging period should again be substantially less than
the lengths of the tests it is based on, i.e., substantially less than 48 to 96 hours. One hour is
probably an appropriate averaging period because high concentrations of some materials can
cause death in one to three hours. Even when organisms do not die within the first hour or so, it

1s not known how many might have died due to delayed effects of this short of an exposure. Thus
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it 1s not appropriate to allow concentrations above the CMC to exist for as long as one hour. The
durations of the averaging periods in national criteria have been made short enough to restrict
allowable fluctuations in the concentration of the pollutant in the receiving water and to restrict
the length of time that the concentration in the receiving water can be continuously above a
criterion concentration.” Page 6 of the 1985 Guidelines further states that “the one-hour average
should never exceed the CMC.”

Additional information supporting the 1-hour averaging period is presented in page 35 of
the Technical Support Document for Water Quality-based Toxics Control (U.S. EPA 1991)
which states that “For acute criteria, EPA recommends an averaging period of 1-hour. That is, to
protect against acute effects, the 1-hour average exposure should not exceed the CMC. The 1-
hour acute averaging period was derived primarily from data on response time for toxicity to
ammonia, a fast-acting toxicant. The I-hour averaging period is expected to be fully protective
for the fastest-acting toxicants, and even more protective for slower-acting toxicants.” The
frequency of allowed exceedances is once in three years on average, as recommended in the
Guidelines (Stephan et al. 1985). This is based on the ability of aquatic ecosystems to recover
from the exceedences, which will depend in part on the magnitudes and durations of the
exceedences. Frequency and duration will be further considered as part of the 1985 Guidelines

update, but the duration for the 2016 cadmium acute criteria will be 1-hour.

5.2 Freshwater Chronic Toxicity Data

Acceptable chronic toxicity data are available for27 freshwater species representing 20
different genera (Appendix C). In contrast to the acute toxicity test results, invertebrates were
generally more sensitive to cadmium than fish based on chronic toxicity. The four most sensitive
genera were the amphipod Hyalella, followed by the cladoceran Ceriodaphnia, the sculpin
Cottus, and the midge Chironomus. For the acceptable chronic toxicity data, normalized chronic
toxicity values ranged from 0.7453 to 36.70 ug/L for invertebrates, and from 1.470 to >38.66
ng/L for fish. The blue tilapia was the least sensitive organism to cadmium and had a normalized
MATC of >38.66 pg/L.

Additional chronic toxicity data that were not used quantitatively to derive a criterion are

available for cadmium (Appendix H). Suedel et al. (1997) conducted a C. dubia static, measured
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life-cycle assessment. The normalized NOEC of 4.110 pg/L and LOEC of 16.44 pg/L reported
for this study are only slightly higher than chronic values that were used quantitatively to derive
a criterion (Appendix C). The 17 to 21-day NOEC and LOEC values reported for Daphnia
magna and D. pulex by Biesinger and Christensen (1972), Winner (1986), Winner and Whitford
(1987), Enserink et al. (1993), and Knops et al. (2001) were similar to other acceptable chronic
values reported in Appendix C for these species, as were values from long term studies with
Atlantic salmon (Rombough and Garside 1982; Peterson et al. 1983) and brown trout (Davies
and Brinkman 1994c; Brinkman and Hansen 2004a, 2007).

Other sublethal effects data also not used to derive criteria are provided in Appendix H,
with many studies again reporting effect levels above the criteria. Asian clams (Corbicula
fluminea) exhibited reduced phagocytosis activity when exposed to 3 pg/L cadmium for 30 days
(Champeau et al. 2007), and goldfish (Carassius auratus) experienced reduced plasma sodium
levels when exposed to 44.5 pg/L cadmium for 50 days (McCarty and Houston 1976). Scherer et
al. (1997) evaluated lake trout (Salvelinus namaycush) for eight months and reported decreased
thyroid follicle epithelial cell height at 5 pg/L. cadmium. Delayed development and forelimb
emergence was observed in African clawed frog (Xenopus laevis) embryos after a 47 day
exposure to 855 ug/L cadmium (Sharma and Patino 2008).

An artificial stream channel employed by Riddel et al. (2005a) assessed the prey choice
and capture efficiency of Salvelinus fontinalis exposed to two cadmium concentrations (0.5 and
5.0 ug/L) for 30 days using dechlorinated tap water at a total hardness of 156 mg/L (as CaCQOs).
The juvenile brook trout preferred non-motile over motile prey, and prey capture efficiency
decreased by 20-55% with increasing Cd concentration. Additional artificial stream channel
studies by Riddel et al. (2005b) that employed the same two cadmium exposures and dilution
water evaluated the foraging and predator avoidance behaviors of mayfly nymphs (Baefis
tricaudatus), and predator-prey interactions of stonefly nymphs (Kogotus nonus) and the
longnose dace (Rhinichthys cataractae). Altered maytly and stonefly behaviors were observed at
5.0 png/L, whereas the foraging behavior of the dance was unaffected by the highest cadmium
exposure. Mebane et al. (2104) exposed larval insects for 32 days to four cadmium
concentrations (0.018, 0.091, 0.35 and 1.02 pg/L) in experimental streams that circulated river

water with a total hardness of 17 mg/L. Preliminary results indicate that reduced mayfly
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abundance EC,s normalized to a total hardness of 100 mg/L ranged from 0.41 ug/L for
Ephemerella infrequens to 3.29 ug/L for Rhithrogena sp.

For the 2016 chronic cadmium criteria, the duration is a four-day averaging period as
recommended in the Guidelines (Stephan et al 1985). This averaging period is short enough to
restrict allowable fluctuations in the concentration of the pollutant in the receiving water and to
restrict the length of time that the concentration in the receiving water can be continuously above
a criterion concentrations. In addition, the frequency of allowed exceedances is once in three

years on average, same as for the acute criteria.

5.2.1 Suitability of chronic Hyalella azteca data

A total of eight H. azteca chronic studies were reviewed for acceptability as
recommended in Appendix K. Only data from the Ingersoll and Kemble (2001) study using
USGS Columbia, Missouri Lab well water as dilution water was considered acceptable for
deriving a freshwater chronic criterion (Appendix C). Thus, the H. azteca normalized SMCV
(and GMCYV) of 0.7453 ng/L cadmium is based on only this study. Although the seven other
studies were not used for deriving the updated cadmium freshwater chronic criterion, the effect
levels observed for each study are provided below and demonstrate the similar sensitivity of the
amphipod to cadmium, despite the issues which precluded their use in developing the SMCV and
GMCV. The normalized effect concentrations for these seven studies ranged from 0.3749 to

4.907 ng/L cadmium, with the majority of values ranging from 0.4-2.0 pug/L (Table 18).

Table 18. Chronic studies of Hyalella azteca evaluated for cadmium freshwater criterion.

EC,/
MATC
(TH=100)
Reference Method? | Lifestase | Exposure Effect ( Result of Evaluation

gle%;r;loe H(;ggl) 7-8 d old 42 days Reproduction . Acceptable
Borgmann ct al. . Not acceptable .
1989b R,M <7-d old 42 days Survival 0.6348 Only 64% control survival
(need >80%)
Not acceptable
Borgmann et al. . 0.4299 Low control weight of 0.34 mg dwt
199%m R.M <7-dold 42 days Survival (ECso) (need > 0.50 mg%iwt after 42 (Ei%ays of
testing)
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Not acceptable
Suedel et al. 14-21d Survival/ Test organisms underfed (control
1997 5M old 14 days growth 0.6576 weights not reported). Low ionic
composition of dilution water.
Chadwick 28 days Not acceptable
Ecological . Low control weight of 0.25 mg dwt
Consultants F.M 7-8dold (rifstrelrl;l b Survival 0.3749 (need > 0.35 mg dwt after 28 days of
2003 testing)
g‘}’fﬁ’gﬁl F.M 7-8 d old fif}fiii Survival 04461 | Notacceptable
Consultants ’ ' 0.2 ug Cd/L in dilution water
water)
2003
Stanley cf al Not acceptable
2005 Y ' R,M 7-14 dold 42 days Survival 2414 Only 45% control survival
(need >80%)
Not acceptable
. Low control weight of 0.136 mg dwt
Straus 2011 R, M 2-9d old 21 days Survival 4.907 (need > 0,35 mg dwt after 28 days of
testing)
Not acceptable
. Low control weight of 0.064 mg dwt
Straus 2011 R, M 2-9d old 28 days Survival 2.277 (need > 0.35 mg dwt after 28 days of
testing)
Not acceptable
. ) Low control weight of 0.135 mg dwt
Pais 2012 R, M 2-9d old 28 days Survival 0.5127 (need > 0.35 mg dwt after 28 days of
testing)

* S=static, R=renewal, F=flow-through, U=unmeasured, M=measured; TH=total hardness

Borgmann et al. (1989b) Chronic Survival Study

This long-term (6 week) study investigated the effect of cadmium on H. azteca survival,
growth and reproduction and was primarily a methods development effort. The static-renewal
life cycle test was initiated with <7-day old organisms and was conducted at 25°C in
dechlorinated Burlington City tap water with exposure concentrations of 0.28 (control), 0.57,
0.92,1.49,2.23,3.42 and 6.28 ng/L. cadmium. The water used for testing is acceptable, with a
chloride concentration of approximately 26 mg/L. and bromide concentration of around 0.047
mg/L. Other common ion (Na, K, Ca, Mg, SO4, and HCO3) concentrations in this water are
reasonable for testing with H. azfeca. However, the food and feeding levels used in this test are
questionable. The authors tested up to 20 organisms in each beaker and added 4 mg Tetramin
flakes once per week to each test beaker, with additional feedings given up to two times each
week on an as needed basis. It is not clear how they determined when more food was required.

Furthermore, the reported control survival was only 64 percent, while 80 percent is considered to
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be the minimum acceptable control survival for a 6-week test. The calculated ECy, for survival

was 0.7827 ng/L, or 0.6348 ug/L when normalized to a hardness of 100 mg/L as CaCO:s.

Borgmann et al. (1991) Chronic Survival Study

An additional H. azteca 6-week chronic test was conducted by Borgmann using the same
dechlorinated Burlington City tap water. As mentioned previously, this tap water is considered
acceptable for H. azfeca testing. However, it appears that organisms in this long-term test were
also underfed (similar to other tests conducted by this group). The authors state that the animals
were fed Tetramin at a rate of only 5 mg Tetramin/beaker/week, which equates to about 0.25
mg/organism/week. This feeding rate is much lower than currently recommended for chronic
tests. Results of other chronic amphipod tests with diets limited to Tetramin had limited success,
suggesting that amphipods require dietary supplements in addition to the Tetramin (e.g., YCT or
diatoms) to achieve acceptable growth and reproduction (J.R. Hockett, personal communication).
Based on the organism control weights obtained at the end of the test (0.34 mg estimated average
dry weight), it appears amphipod growth was limited by the feeding rate and dictary
composition. Acceptable average ending dry weights typically fall within the range of 0.7 to 1.0
mg/organism for a 42-d test. This poor growth and low feeding rate excluded the use of these
data in calculating the SMCYV for this species. The reported ECso for survival in the study was
0.53 ng/L, or 0.4299 pg/L when normalized to a hardness of 100 mg/L as CaCOs;.

Suedel et al. (1997) Chronic Survival and Growth Study

This paper presents the results of several toxicity tests. Although limited information is
provided, the tests appear to be static exposure without renewal. Five tests were conducted (48-
hr, 96-hr, 7-day, 10-day, and 14-day exposures). Organisms were fed in each test by adding
leached, ground maple leaves to the test chambers at the beginning of each exposure. Especially
for the longer duration tests (10-day and 14-day), it does not appear the test organisms were fed
sufficiently, although this remains unclear because body weight data were not reported. Little
information 1s provided about the test/control water other than hardness (6 to 28 mg/L),
alkalinity (8 to 18 mg/L) and conductivity (22 to 130 uS/cm), which indicates the dilution water
was low in ion composition. The authors noted that water conditions represent the limits of
environmental tolerance for the tested species. The chronic value of 0.16 pug/L (based on growth

and survival), or 0.6576 pg/L when normalized to a hardness of 100 mg/L as CaCOs, was not
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used quantitatively in this assessment.

Chadwick Ecological Consultant (2003) Chronic Survival Study

The chronic toxicity of cadmium to H. azteca was tested with 28-day flow-through
measured test procedures using two different dilution waters (reconstituted laboratory water and
natural surface water from Horsetooth Reservoir) with different hardness levels. Both dilution
waters were augmented with bromide and chloride to achieve nominal concentrations of
approximately 0.80 mg/L Br and 60 mg/L CI', which are above the minimum recommended
levels of 0.02 mg/L Br and 15 mg/L Cl. The 28-day control survival was >90 percent for each
test, which exceeds the 80 percent minimum requirement. The test organisms were fed 1.0 ml
YCT daily and the authors reported mean control dry weights at day 28 of 0.25 mg for the
reconstituted water test and 0.43 mg for the natural surface water test. The recommended mean
control dry weight at day 28 is >0.35 mg and only the natural surface water test met the
feeding/average control dry weight requirement. Even though the control dry weight of the
natural surface water test met the recommended 0.35 mg average, there is an elevated level of
cadmium in the Horsetooth Reservoir water (about 0.2 pg/L. cadmium). In addition, the cadmium
concentration measured at day 28 in the lowest nominal exposure concentration (0.6 pg/L) was
very similar to the next higher concentration, which raises questions about whether organism
response in the lowest concentration was exaggerated by an excursion in cadmium concentration,
or if the measured concentration was an analytical anomaly. The 28-day MATC for the surface
water test was 1.02 pg/L cadmium, which was slightly higher than the estimated 28-day survival
ECy 0of 0.6264 ng/L, or 0.4461 png/L when normalized to a hardness of 100 mg/L as CaCOs. The
MATC for the reconstituted water was 0.74 pg/L, which was also higher than the normalized
calculated ECy of 0.3749 pg/L cadmium.

Stanley et al. (2005) Chronic Survival Study

Stanley et al. (2005) conducted one H. azteca 42-day chronic test in laboratory
reconstituted water (ASTM hard water) and at a feeding rate of 1 ml YCT/test chamber/day. The
lack of sufficient chloride and bromide 1ons in the dilution water and sub-optimal diet would not
support the health of H. azfeca, especially after 10 days of testing (Appendix K). Additionally,
the control survival in this test was poor (45%). The results of this test were accordingly not used

to develop AWQC. The non-normalized chronic limits based on survival are 2.49 and 5.09 pg/L
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with a MATC of 2.414 pg cadmium/L when normalized to a hardness of 100 mg/L as CaCOs.

Straus (2011) Chronic Survival Studies

H. azteca neonates (2-9 days old) were exposed to cadmium for 21 days in artificial Lake
Ontario reconstituted laboratory water (total hardness of 120-140 mg/L as CaCOs3) and for 28
days in a mixture of reverse osmosis and dechlorinated City of Waterloo tap water (blended to a
total hardness of 22 mg/L as CaCOs). Water in both tests was renewed every 48 hours and cotton
gauze was used as a substrate. Although the test organisms were cultured in artificial media
containing bromide, it is not clear if the artificial Lake Ontario water or the reverse osmosis/tap
water mix contained bromide. The chloride concentrations also were not reported for either
dilution water, although the nominal chloride concentration of the artificial Lake Ontario water 1s
estimated to be approximately 28 mg/L. Test recommendations in Appendix K note that natural
waters with a hardness of <80 mg/L as CaCOs typically have <10 mg C17/L. Control organism
survival was 93 percent in the 21-day test and 81.8 percent in the 28-day test. Control organism
mean dry weight averaged 0.136 for the 21-day test and 0.064 mg for the 28-day test. When all
factors are considered, these two studies do not meet the test acceptability requirements outlined
in Appendix K. The ECys calculated for these two tests based on survival are 6.42 ug/L for the
21-day test and 0.68 ug/L for the 28-day test, or 4.907 for the 21-day test and 2.277 ug/L for the
28-day test when normalized to a hardness of 100 mg/L as CaCO:s.

Pais (2012) Chronic Survival Study

H. azteca neonates (2-9 days old) were exposed to cadmium for 28 days in laboratory
water that was renewed every 48 hours. The dilution water was a mix of reverse osmosis and
dechlorinated City of Waterloo tap water blended to a total hardness of 90 mg/L as CaCOs. A
cotton gauze substrate was used during the test. The bromide and chloride levels were not
reported by the author, but since the total hardness of the reverse osmosis/tap water blend was 90
mg/L as CaCOs, the dilution water may have contained an acceptable amount of chloride. U.S.
EPA (2012) notes that natural waters with a hardness of <80 mg/L as CaCO; typically have
chloride concentrations of <10 mg/L. The bromide level was not reported, but the tap water may
have supplied the minimum bromide level (0.02 mg Br/L) recommended in Appendix K. The 28-
day control survival was 100 percent, which exceeds the 80 percent minimum requirement.

However, the authors reported a mean control organism weight of 0.135 mg, which is much less
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than the recommended >0.35 mg dwt at day 28. Accordingly, this study does not meet the test
acceptability requirements and the normalized 28-day survival ECy of 0.5127 nug/L was not used

for criteria derivation.

5.2.2 Uncertainty in the freshwater FCV calculation

In addition to the uncertainties described above for the freshwater acute criteria derivation
(Section 5.1.3), the freshwater FCV calculation is also influenced by the availability of limited
data, estimation of chronic values with either EC2y or MATC methods, selection of either life
cycle or early life-stage test results for a species, and the use of the most representative test
duration for the C. bairdii ELS test.

The freshwater chronic database 1s comprised of 27 species and 20 genera that satisfy the
eight-family MDR as recommended in the 1985 Guidelines (Stephan 1985). There are several
factors that contribute some uncertainty to the freshwater FCV (e.g., use of ECys over MATCs,
the limited data used to develop the hardness relationship, limited data for H. azteca, selection of
most appropriate exposure scenarios, and other data that is only used qualitatively). In this
update EC,os were selected as the most appropriate effect level, but not all studies reported ECyos
or did not provide the raw data in the paper so ECyos could be calculated (Note: for all studies
where raw data necessary to calculate EC,s were not provided, authors were contacted to
request the raw data, if available. Some requests are still outstanding). While ECyos are the
preferred effect level, so that chronic toxicity can be compared equally, this preference limits the
amount of data that are used quantitatively in SMCV and GMCYV calculations (Table 9 and
Appendix C). This was the case for several species (C. dubia, C. reticulata, D. magna, O.
kisutch, O. mykiss, S. trutta, S. fontinalis, S. namaycush, and P. promelas). Conversely, only
MATCs were available for several genera, and therefore the effect levels associated with those
MATC concentrations are unknown (Oreochromis, Micropterus, Esox, and Catostomus). These
values were retained in the ranked table to avoid losing the genus.

The use of ECys also limited the amount of data that were used to develop the chronic
hardness relationship. Currently there are only enough ECy, data to explore this relationship for
three fish species. This preference for ECyos precluded the inclusion of data for P. promelas, but

MATC data from a single study for D. magna (Chapman et al. Manuscript) were used so that an
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invertebrate could be included in the analysis. The rationale for the exclusion of P. promelas is
that the effect of hardness would be better evaluated without the confounding factor of the level
of effect being unknown (see Section 2.6, Chronic measures of effect).

The 1985 Guidelines recommend the use of full life-cycle (LC) tests over early life-cycle
tests (ELS), with the rationale that LC tests will be more sensitive. However, this relationship
was not always apparent. Normalized ECyos of LC tests were more sensitive (lower effect
concentrations) for S. fontinalis and O. mykiss, but ELS tests were more sensitive for S. trutta.
To be conservative, the ELS tests were used to derive the SMAYV for S. frutta.

As discussed above there is only one acceptable study using the new test requirements for
H. azteca. While the other unacceptable data were not used quantitatively it appears that effect
concentrations were similar, however the SMAV/GMAYV for the most sensitive species in the

freshwater chronic database is based on the results from one study (Ingersoll and Kemble 2001).

5.3 Additional Aquatic Life Water Quality Assessments for Cadmium

Mebane (2006) recently derived freshwater ambient water quality criteria for cadmium and
included data from studies that focused on species and surface water conditions in Idaho. Acute
and chronic toxicity were calculated from available effects data and normalized for hardness
based on hardness-toxicity regression analyses. The four most sensitive genera to acute
exposures were the fish Oncorhynchus (Northwest trout and Pacific salmon), Salvelinus (“char”
trout), Salmo (other trout and Atlantic salmon), and Cotfus (sculpin). The four most sensitive
genera to chronic exposures were the aquatic invertebrates Hyalella and Gammarus and the fish
Cottus and Salvelinus. Mebane (2006) reported a CMC of 0.75 pg/L total cadmium and a CCC
of 0.37 ng/L total cadmium, based on a hardness of 50 mg/L as CaCOs. Mebane (2006) reported
cadmium in total (unfiltered) instead of dissolved (0.45-um filtered) concentrations, but
indicated that because cadmium 1s highly soluble in water, the difference between total and
dissolved concentrations would be small, with dissolved cadmium concentrations expected to
average about 90 to 95 percent of total concentrations (Stephan 1995; Clark 2002; Mebane
2006). When adjusted to a total hardness of 100 mg/L as CaCOs, the CMC and CCC calculated
using equations reported by Mebane (2006) are 1.35 and 0.55 pg/L, respectively. These values
are lower than the 2016 updated EPA CMC of 1.9 pg/L and CCC of 0.79 ng/L, based on total
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cadmium and a hardness of 100 mg/L as CaCOs;. The differences in the criteria derived by
Mebane (2006) and this 2016 update are primarily due the addition of new data since 2006, the
subsequent estimation of different updated acute and chronic hardness-toxicity slopes, and
exclusion of specific test results based on EPA data acceptability criteria.

The British Columbia Ministry of Environment (BC-MOE) recently released a draft
assessment of ambient water quality criteria for cadmium in freshwater to protect species
resident to British Columbia, Canada (BC-MOE 2014). The proposed acute and chronic criteria
are based on dissolved cadmium concentrations in freshwater. The criteria were adjusted for
hardness using established methods to derive an equation from the results of multiple published
studies (Mebane 2006; Stephan et al. 1985; U.S. EPA 2001). The BC-MOE used the lowest
value from a primary study and applied a factor of 3.5 to account for uncertainty and protect the
survival of the most sensitive species (<10% mortality) at all life stages. The resulting draft
CMC of 0.339 ng/L total cadmium at a water hardness of 100 mg/L CaCOs was based on effects
on rainbow trout fry growth after a 5-d exposure, as reported in Hansen et al. (2002b). The
resulting draft CCC (30 days) of 0.0772 ug/L at a water hardness of 100 mg/L CaCO; was based
on effects on Hyalella azteca survival, as reported in Ingersoll and Kemble (2001). The short-
term hardness slope factor was 1.04 and the long-term hardness slope factor was 0.762;
compared to the 2016 hardness slope factors of 0.9789 and 0.7977, respectively. The BC-MOE
(2014) cadmium water quality guideline for long term exposure in marine environments is 0.12
ug/L. This 1s in contrast to the higher EPA 2016 estuarine/marine chronic CCC of 7.9 ug/L
dissolved cadmium. No short term exposure guideline has been developed by BC-MOE for the
marine environment. The BC-MOE proposed cadmium criteria are all lower than the EPA 2016
criteria, primarily due to differences in the methodology employed (use of lowest value), larger

safety factors applied and hardness slope factor differences.

5.4 Estuarine/Marine Acute Toxicity Data

Acute toxicity data are available for 94 estuarine/marine species representing 79 genera.
These data are adequate to support the development of an estuarine/marine acute criterion.
SMAVs for cadmium range from 28.14 to 169,787 ug/L. The four most sensitive genera were
invertebrates with GMAVs ranging from 28.14 to 67.39 pg/L (Appendix B).
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Additional toxicity data on the effect of cadmium on estuarine/marine species were
available, but did not meet standards of acceptability and were not used quantitatively in
development of the criteria (Appendix I). However, the acute and chronic toxicity values for
these tests are similar to those of the accepted studies, providing additional supporting evidence
about the toxicity of cadmium to estuarine/marine aquatic life. These include data from Roast et
al. (2001b), who reported a 6-day LCso for P. flexuosus of 83.11 pg/L, which represents a similar
outcome to those provided in Appendix B. Nimmo et al. (1977a) and Gentile et al. (1982)
reported similar outcomes for 4. bahia with 8 to 17-day ECs, values ranging from 11.3 to 60
ug/L.

Other non-traditional endpoints for marine/estuarine organisms exposed to cadmium for
shorter time periods are presented in Appendix I. Daggerblade grass shrimp (Palaemonetes
pugio) had increased LPO and ubiquitin levels when exposed for eight hours to 112.4 ug/L
cadmium (Downs et al. 2001a). Reduction in swimming speed and reduced serum osmolality
were observed for nauplii of the calanoid copepod Eurytemora affinis and the mysid
Americamysis bahia subjected for 24 hours to 130 and 3.62 ug/L cadmium, respectively
(Sullivan et al. 1983; De Lisle and Roberts 1994). Bellas et al. (2004) determined a 70-hr larval
attachment ECs, of 752 ug/L for the sea squirt Ciona intestinalis, and the mud snail Nassarius
obsoletus had increased oxygen consumption when exposed to 500 pg/L cadmium for 72 hours
(MacInnes and Thurberg 1973). Osmotic pressure of the shore crab Carcinus maenas was
affected at 34 pg/L cadmium after 10 days, but not at 3.4 ug/L (Burke et al. 2003). Choi et al.
(2008) found that Pacific oysters (Crassostrea gigas) exposed to 10 pg/L cadmium for 11 days
had an increased expression of MT mRNA in digestive gland and gills. Coho salmon
(Oncorhynchus kisutch) exposed to 3.7 pug/L cadmium over 48 hours exhibited histological
injury to the olfactory epithelium, and a significant loss of olfaction at concentrations greater
than 347 ng/L, with the adverse effects of each still evident after a 16-day depuration in clean
water (Williams and Gallagher 2013). The persistent nature of these effects could adversely alter

the return rates of anadromous salmon species as noted by Baldwin et al. (2009).

5.4.1 Uncertainty in estuarine/marine FAV calculation

The influence of salinity on the acute toxicity of cadmium was investigated with 10

XC

EPA-HQ-2016-005391_00051968



different genera of estuarine/marine animals. A general trend of decreasing toxicity with
increasing salinity was observed for the majority of genera (Appendix B). Frank and Robertson
(1979) reported that the acute toxicity of cadmium to juvenile blue crabs was reduced by
increasing salinity levels, with 96-hr LCses of 320, 4,700 and 11,600 pg/L at salinities of 1, 15
and 35 g/kg, respectively (Appendix B). The same trend was observed by Bengtsson and
Bergstrom (1987) for the harpacticoid copepod, Nifocra spinipes, Ringwood (1990) for the
mangrove oyster, Isognomon californicum, Wu and Chen (2004) and Frias-Espericueta et al.
(2001) for the white shrimp, Litopenaeus vannamei, and De Lisle and Roberts (1988) for the
mysid, Americamysis bahia, amongst other species.

In contrast to the results presented above, several authors reported possible relationships
with salinity that seem contradictory, some of which may have been influenced by other test
variables. In a study of the interaction of dissolved oxygen and salinity on the acute toxicity of
cadmium to the mummichog, Fundulus heteroclitus, Voyer (1975) found that 96-hr LCses at a
salinity of 32 g/kg were about half of what they were at lower salinities of 10 and 20 g/kg. When
tested at approximately 20°C, the 96-hr LCs¢s were 73,000, 78,000 and 30,000 pg/L at salinities
of 10, 20 and 32 g/kg, respectively (all exposures had sufficient dissolved oxygen levels
throughout the test). The fiddler crab, Uca pugilator, showed a similar trend in that the crab was
more sensitive to cadmium at the highest salinity tested (30 g/kg) as compared to the mid-level
salinity (20 g/kg) test, and about the same sensitivity as the lowest salinity (10 g/kg) (O’Hara
1973a). Cadmium also appears to be more toxic to purple sea urchin embryos
(Strongylocentrotus purpuratus) at a higher salinity, although salinity levels differed by only 4
mg/kg and test temperatures were higher in the higher salinity exposure, which may have
confounded potential conclusions (Dinnel et al. 1989; Phillips et al. 2003). The potential
relationship between salinity and cadmium saltwater acute toxicity was investigated using an
analysis of covariance (Dixon and Brown 1979; Neter and Wasserman 1974) as noted in the
1985 Guidelines (Stephan et al. 1985). Despite the general relationship of decreasing toxicity
with increasing salinity, a pooled species slope could not be calculated.

As noted in the 1985 Guidelines, a final acute equation should be derived based on a
water quality parameter if acute toxicity is shown to be related to that parameter (Stephan et al.

1985). In order to derive a final acute equation from a water quality parameter, however,
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sufficient data are required to show that the factor similarly affects the results of tests with a
variety of species (U.S. EPA 2001). Because a general trend was observed between increasing
salinity and decreasing acute toxicity for the majority of genera, an analysis of covariance
(Dixon and Brown 1979; Neter and Wasserman 1974) as noted in the 1985 Guidelines (Stephan
et al. 1985) using the “R” statistical program, version 3.2.2 (R Core Team 2015), was performed
to examine whether a salinity correction equation could be calculated.

Data for the ten species comprising ten genera were included in the analysis of
covariance. These species had definitive acute values (less than or greater than values were not
used) over a salinity range of at least 7 g/kg. For any given species, data were limited to studies
conducted at representative and similar temperatures and dissolved oxygen concentrations. When
test data for multiple life stages were available, data for the most sensitive life stage was used.

In the analysis of covariance model equation, the natural logarithm of the acute value 1s
the dependent variable, species is the grouping variable, and the natural logarithm of salinity is
the covariate or independent variable. A species-salinity interaction variable is included to assess
the similarity of slopes among species. An F-test is then used to test whether a model with
separate slopes for each species gives a statistically significantly better fit to the data than a
model with a single pooled slope. If the P-value of the species-salinity interaction term is
statistically significant (defined as a P-value of less than 0.05), then the model with separate
species slopes provides the better fit to the data, and a single pooled slope cannot be calculated.

When data for all nine species were fit to the analysis of covariance model, the species-
salinity interaction term used to test for equality of slopes produced a P=0.008, meaning that the
model with separate species slopes provides the better fit to the data, and a single pooled slope
could not be calculated. Individual species slopes were variable, ranging from -0.6998 for the
mummichog F. heteroclitus to 5.538 for the amphipod G. japonica (Table 19). Individual
species slopes were also plotted in Figure 8. As can be seen in Figure 8, eight of the nine
species experience a decrease in acute cadmium toxicity with increasing salinity (i.e., a positive

slope).
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Table 19. Individual Species Slopes and Selected Regression Statistics for the Equation
In(LCs0Cd) = In(Salinity).

A pooled species slope could not be calculated from these data.
Speciesnae. L R .
Wiid o »
M. edulis Blue mussel 0.7399 | na na na na 2
1. californicum | Mangrove oyster 1.467 na na na na 2
N. spinipes Harpacticoid copepod | 0.3725 | -0.6744 1.41 | 095 |0.14 3
9
A. bahia Mysid 1.010 0.7158 1.30 | 098 |<0.01 |5
5
G. japonica Amphipod 5.538 na na na na 2
L. vannamei Whiteleg shrimp 1.032 na na na na 2
C. sapidus Blue crab 1.006 0.8249 1.18 | 1.00 | <0.01 |3
6
U. pugilator Fiddler crab 0.1673 | -3.499 383 | 025 |0.67 3
4
F. heteroclitus | Mummichog -0.6998 | -8.129 6.72 | 0.59 |0.44 3
9
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Figure 8. Individual Species Slopes Showing the Relationship between Natural Log
Transformed Salinity and Natural Log Transformed Acute Cadmium Toxicity.

Data used to generate species slopes in Table 19 have already accounted for the most
sensitive life stage for a particular species. In addition to that consideration, following the
recommendations of the EPA Guidelines (Stephan et al. 1985), individual species slopes were
examined and a subsequent analysis of covariance model was used to test whether a pooled
species slope could be calculated using only those species with slopes determined to cover a
relatively broad range of the relevant water quality parameter, defined here as at least 50% of the
range of reported salinities. Five species: A. bahia, C. sapidus, F. heteroclitus, L. vannamei and
U. pugilator, had test data across a salinity range greater than 50% of the salinity range for all
species. When data for these five species were fit to the analysis of covariance model, the species-
salinity interaction term used to test for equality of slopes produced a P=0.009. As before, the

model with separate species slopes provides the better fit to the data, and a single pooled slope
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could not be calculated. Despite the positive relationship between acute toxicity and salinity
observed for eight of the nine species with available data, the species slopes are sufficiently
variable that no pooled slope can be calculated. Thus, the estuarine/marine acute data are not
normalized for salinity.

In addition to the uncertainties described above for the freshwater acute criteria derivation
(Section 5.1.3), the lack of a statistically defensible salinity-toxicity relationship to normalize the
acute data adds additional uncertainty to the estuarine/marine FAV. Despite the positive
relationship between acute toxicity and salinity observed for eight of the nine species included in
the analysis of covariance, a pooled slope could not be calculated, precluding salinity
normalization of the data. As such, the data are used at the tested salinity level, which may or
may not be the most sensitive for the species. Not all studies, however, reported a salinity level
which would potentially exclude them from the FAV calculation if the data were salinity

normalized.

5.5 Estuarine/Marine Chronic Toxicity Data

Data for only two estuarine/marine mysid species (Americamysis bahia, SMCV = 6.149
ug/L and Americamysis bigelowi, SMCV = 11.61 pg/L) are suitable for the derivation of a
chronic criterion, and limited toxicity data are available for qualitative consideration in this
document (see Appendix I). A 21-day survival chronic value of 111.8 ug/L was determined for
the starlet sea anemone Nematostella vectensis (Harter and Matthews 2005), and 28-day LCses
for the polychaete worms Capitella capitata and Neanthes arenaceodentata ranged from 630 to
3,000 pg/L (Reish et al. 1976). White shrimp (Litopenaeus vannamei), pink shrimp
(Larfantepenaeus duorarum), daggerblade grass shrimp (Palaemonetes pugio), rock crab
(Cancer irroratus) and blue crab (Callinectes sapidus) 21 to 30-day effect levels (LCses and
LOECs) ranged from 19 to 720 ug/L (Nimmo et al. 1977b; Vernberg et al. 1977; Johns and
Miller 1982; Guerin and Stickle 1995; Wu and Chen 2005a). Scallops were more sensitive to
cadmium, with Argopecten irradians and A. ventricosus 42-day ECso and 30-day LOEC growth
effect levels at 10 and 78 pg/L, respectively (Pesch and Stewart 1980; Sobrino-Figueroa et al.
2007). Similarly, Atlantic silverside (Menidia menidia), cunner (7autogolabrus adspersus) and

winter flounder (Pseodopleuronectes americanus) 17 to 60-day survival effects ranged from 100
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to >970 pg/L (Maclnnes et al. 1977; Voyer et al. 1979). All of these effect levels are above those
reported for the two mysid species that were used quantitatively for derivation of the chronic
criterion.

Additional studies have reported the chronic sublethal effects of cadmium on
estuarine/marine species (Appendix I). Delayed development and reduced food consumption
were observed for rock crab larvae (Cancer irroratus) and white shrimp (Litopenaeus vannamei)
exposed for 28 days to 50 and 200 pg/L cadmium, respectively (Johns and Miller 1982; Wu and
Chen 2005a). Increased ATPase activity was exhibited by the American lobster (Homarus
americanus) exposed to 6 pg/L cadmium for 30 days (Tucker 1979), and mud crab larvae
(Eurypanopeus depressus) experienced a delay in metamorphosis when exposed to 10 pg/L
cadmium for 44 days (Mirkes et al. 1978). When evaluating fish, significant reduction in gill
tissue respiratory rate was reported for the cunner after a 30-day exposure to 50 pg/L (Maclnnes
et al. 1977). Dawson et al. (1977) also reported a significant decrease in gill-tissue respiration of
striped bass at 5 pg/L after a 30-day exposure, as did Calabrese et al. (1975) after a 60-day
exposure to 5 pg/L.

5.5.1 Final Acute-to-Chronic Ratio

The limited amount of acceptable estuarine/marine chronic toxicity data precluded the
use of regression analysis to calculate the estuarine/marine CCC (as was done with the
freshwater CCC). As stipulated in the 1985 Guidelines, the CCC was calculated as the FAV
divided by the FACR. As previously mentioned, a minimum of three ACRs (a fish species and
an invertebrate species, with one being acutely sensitive in saltwater) are typically used to
estimate the FACR. This update has ACRs available for six freshwater invertebrates, eight
freshwater fish and two saltwater invertebrate species representing a diverse number of families
(Table 16). The 1985 Guidelines outline four primary ways to combine ACRs to calculate an
appropriate FACR.

o [f the species mean acute-chronic ratios seems to increase or decrease as the SMAV
increases, the Final Acute-Chronic Ratio should be calculated as the geometric mean of
the acute-chronic ratios for species whose SMAVs are close to the Final Acute Value.

e Ifnomajor trend is apparent and the acute-chronic ratios for a number of species are
within a factor of ten, the Final Acute-Chronic Ratio should be calculated as the
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geometric mean of all the species mean acute-chronic ratios available for both freshwater
and saltwater species.

o For acute tests conducted on metals and possibly other substances with embryos and
larvae of barnacles, bivalve molluscs, sea urchins, lobsters, crabs, shrimp, and abalones,
it is probably appropriate to assume that the acute-chronic ratio is 2. Thus, if the lowest
available SMAVs were determined with embryos and larvae of such species, the Final
Acute-Chronic Ratio should probably be assumed to be 2, so that the Final Chronic Value
1s equal to the Criterion Maximum Concentration.

o [f the most appropriate species mean acute-chronic ratios are less than 2.0, and especially
if they are less than 1.0, acclimation has probably occurred during the chronic test.
Because continuous exposure and acclimation cannot be assured to provide adequate
protection in field situations, the Final Acute-Chronic Ratio should be assumed to be 2,
so that the Final Chronic Value is equal to the Criterion Maximum Concentration.

None of the four methods listed above could be used to calculate the FACR for cadmium.
Therefore another approach was chosen to incorporate ACRs of sensitive species from both
freshwater and estuarine/ marine environments to calculate an appropriate FACR. There were
several possible methods to compile these values. One option would have been to use the ACRs
available for the two Americamysis species (5.275 for A. bahia and 9.476 for A. bigelowi), the
chinook salmon, Oncorhynchus tshawytscha (0.9626), and the fatmucket, Lampsilis siliquoidea
(2.727). All are acutely sensitive, and the geometric mean of these four values yields an FACR
of 3.385. If the freshwater fish is replaced by the rainbow trout, Oncorhynchus mykiss
(ACR=1.527), the resulting FACR is 3.798. Alternatively, using the acutely sensitive mottled
sculpin (Cottus bairdii) ACR of 11.22 instead of the ACR for the Chinook salmon results in an
FACR of 6.254.

A final option would be to use ACRs from a diverse mix of freshwater and
estuarine/marine species representing both invertebrates and fish, with the freshwater species
having taxonomically-related marine species. Using this approach, seven genus-level ACRs were
used to calculate the FACR for estuarine/marine water (representing five freshwater fish species,
three freshwater invertebrate species, and the two acutely sensitive estuarine/marine mysids). An
FACR of 8.291 was obtained from the geometric mean of seven genus-level ACRs:
Americamysis (7.070), Ceriodaphnia (19.84), Daphnia (23.90), Cottus (11.22), Oncorhynchus
(2.0), Salmo (2.0) and Pimephales (17.90). The fish C. bairdii, S. trutta, Oncorhynchus and P.
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promelas represent the second, fourth, fifth and forty-fourth most sensitive freshwater genera,
respectively, and the cladocerans Daphnia and C. dubia are the eleventh and eighteenth most
sensitive genera. This approach was chosen because EPA believes that use of combined ACRs
for a variety of freshwater and estuarine/marine species is the most appropriate and

representative method for deriving the FACR.

5.5.2 Uncertainty in the estuarine/marine FCV calculation

The primary source of uncertainty with the derivation of the estuarine/marine FCV is the
lack of available data. There have been no new acceptable estuarine/marine chronic data
generated since the 2001 AWQC was published. The only data available are for one genus of
mysid, Americamysis, which is the fourth most sensitive acute genus. The chronic criterion is
therefore based on the use of a FACR. The FACR assumes that the relationship between acute
and chronic toxicity for each species is constant. Acceptable ACRs are averaged across taxa to
calculate the final overall relationship between the acute and chronic toxicity values. Since
freshwater ACRs are used to bolster the calculation of the FACR, due to only one
estuarine/marine genus-level ACR being available, this creates an additional uncertainty in the
estuarine/marine FCV.

The estuarine/marine FAV is also hampered by the lack of a statistically defensible
salinity-toxicity relationship to normalize the acute data. Since the FAV is divided by the FACR
to calculate the FCV, the FAV may not be representative of the true toxicity of cadmium across

various salinity gradients (i.e., may be under protective in low salinity waters).

5.6 Bioaccumulation

Test level bioconcentration factors (BCFs) for cadmium in freshwater (Appendix G)
range from 3 for brook trout muscle (Benoit et al. 1976) to 65,600 for the amphipod, H. azfeca
(Straus 2011). Fish typically accumulate only small amounts of cadmium in muscle as compared
to most other tissues and organs (Benoit et al. 1976; Sangalang and Freeman 1979; Jarvinen and
Ankley 1999). However, studies summarized by Jarvinen and Ankley (1999) showed that the
skin, spleen, gill, fin, otolith and bone also have low bioconcentration factors. Sangalang and

Freeman (1979) found that cadmium residues in fish reach steady-state only after exposure
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periods greatly exceed 28 days. D. magna, and presumably other invertebrates with about the
same body size, were found to reach steady-state within a few days (Poldoski 1979).

Cadmium accumulated by fish from water is eliminated slowly (Benoit et al. 1976;
Kumada et al. 1980), but Kumada et al. (1980) found that cadmium accumulated from food 1s
eliminated much more rapidly. When all variables, except temperature, are kept the same,
Tessier et al. (1994a) found that increased exposure temperature generally increased the rate of
soft tissue bioconcentration for the snail, Viviparus georgianus, but not for the mussel, Elliptio
complanata. Poldoski (1979) reported that humic acid decreased the uptake of cadmium by D.
magna, but Winner (1984) did not find any effect. Ramamoorthy and Blumhagen (1984)
reported that fulvic and humic acids increased the uptake of cadmium by rainbow trout.

The only BCF reported for an estuarine/marine fish is a value of 48 from a 21-day
exposure of mummichog (Eisler et al. 1972) (Appendix I). However, among nine species of
invertebrates for which values were available, the BCFs range from 22 to 3,160 for whole body
and from 5 to 2,040 for muscle (Appendix G). The highest BCF (3,160) was reported for the
polychacte, Ophryotrocha diadema (Klockner 1979). This BCF was reached after sixty-four
days exposure using the renewal technique; however, tissue residues had not reached steady-
state at the end of the exposure period.

BCFs for four species of estuarine/marine bivalve molluscs range widely, from 113 for
the blue mussel (George and Coombs 1977) to 2,150 for the eastern oyster (Zaroogian and Cheer
1976). The range of reported BCFs is also large for some individual species. For example, two
studies with the bay scallop resulted in BCFs of 168 (Eisler et al. 1972) and 2,040 (Pesch and
Stewart 1980) and three studies with the blue mussel reported BCFs of 113, 306, and 710
(Appendix G and Appendix I). George and Coombs (1977) studied the importance of metal
speciation on cadmium accumulation in the soft tissues of Myfilus edulis. Cadmium complexed
as Cd-EDTA, Cd-alginate, Cd-humate, and Cd-pectate (Appendix I) was bioconcentrated
(directly taken up from water) at twice the rate of inorganic cadmium (Appendix G). Because
bivalve molluscs usually do not reach steady-state, comparisons between species may be
difficult, and the length of exposure may be the major determinant of the BCF.

BCFs for five species of estuarine/marine crustaceans range from 22 to 307 for whole

body and from 5 to 25 for muscle (Appendix G and Appendix I). Nimmo et al. (1977b) reported
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whole-body BCFs of 203 and 307 for two species of grass shrimp, Palaemonetes pugio and P.
vulgaris. Vernberg et al. (1977) reported a BCF of 140 for P. pugio at 25°C (Appendix I), and
Pesch and Stewart (1980) reported a BCF of 22 for the same species exposed at 10°C, indicating
that temperature might be an important variable determining the rate of bioaccumulation. The
commercially important crustaceans, the pink shrimp and lobster, were not effective
bioaccumulators of cadmium with factors of 57 for whole body and 25 for muscle, respectively
(Appendix G and Appendix I). It should be noted that the inverse relation relationship between
BCF and exposure concentration explains much of the variation in the observed BCFs (McGeer

et al. 2003; DeForest et al. 2007).

5.6.1 Uncertainty with cadmium exposure routes

As reported in the literature, aquatic organisms can accumulate cadmium from both
aqueous and dietary exposure routes. The relative importance of each, however, 1s dependent
upon the species. The filter feeding cladoceran Ceriodaphnia dubia was found to accumulate
more cadmium from water than diet, and at a more rapid rate (Sofyan et al. 2007a). Barata et al.
(2002d) observed during a 24-hour laboratory water exposure experiment that Daphnia magna
juveniles accumulated approximately twice as much cadmium from laboratory water exposure
than from an algal food diet. Water exposure accounted for over 50 percent of the cadmium body
burden in the isopod Acellus aquaticus (van Hattum et al. 1998). Fisher et al. (2000) found that
in Acartia fonsa approximately 60 percent of the cadmium was assimilated from water and 40
percent from food. The same trend of accumulating over 50 percent of cadmium from water was
observed for the clam Macoma balthica (Harvey and Luoma 1985b) and the blue mussel Mytilus
edulis (Borchardt 1983). In contrast, diet, rather than water, accounted for more than 50 percent
of cadmium accumulated in the predatory insects Chaoborus punctipennis (Munger and Hare
1997), Cryptochironomus sp. and Sialis velata (Roy and Hare 1999), the water mite Limnesia
maculate, the caddisfly Mystacicks spp. (Timmermans et al. 1992), and in five of the seven
stonefly species evaluated by Martin et al. (2007). Diet also accounted for most (>95%) of the
observed cadmium tissue burden of mayflies in the field (Cain et al. 2011). This field
observation is consistent with the observations of Xie et al. (2010), who noted that periphyton 1s

often a sink for cadmium in aquatic environments. In a natural lake experiment, Stephenson and
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Turner (1993) found that the grazing amphipod, Hyalella azteca derived more than half (58%) of
accumulated cadmium from periphyton, when compared to the aqueous exposure route. In a
different lake experiment, rainbow trout and lake whitefish (Coregonus clupeaformis)
accumulated approximately five times as much cadmium from the food only exposure relative to
the water only dose (Harrison and Klaverkamp 1989). Mebane (2006) summarized the
contribution of aqueous versus dietary cadmium exposure to the bioaccumulation observed in
various aquatic organisms and found the same species specific differences. In summary, the
primary route of cadmium accumulation varies among species, with no discernable pattern.

The specific tissues/organs affected in an aquatic organism are also dependent on the
exposure route. Wang and Fisher (1996) noted that bivalve molluscs primarily accumulate
dissolved cadmium across the gills, and particulate forms via the gut, suggesting that cadmium
speciation influences exposure route and the subsequent tissues and organs affected. In
crustaceans, aqueous cadmium can be adsorbed to the body surface or taken up internally by
ingestion, passive diffusion, or facilitated transport (Wang and Fisher 1998). For example,
dissolved cadmium adsorbs onto the chitosan exoskeleton of pelagic and benthic crustaceans
(Hook and Fisher 2001; Mohlenberg and Jensen 1980), or inert chitin surfaces of insects (Hare
1992), where it is rendered unavailable to interfere with internal metabolic processes. In contrast,
ingested cadmium can accumulate into internal tissues potentially interfering with a variety of
metabolic and reproductive processes, such as egg production in copepods (Hook and Fisher
2001). Cadmium assimilated from food is stored in the soft tissue of the oyster Crassostrea gigas
(Nassiri et al. 1997). Norway lobsters (Neohrops norvegica) accumulated aqueous cadmium
primarily in their gills and digestive gland, with most of the dietary cadmium deposited in the
digestive gland (Canli and Furness 1995). The freshwater crayfish Astacus leptodactylus exposed
to cadmium in water accumulated the greatest amount of cadmium in the hepatopancreas, with
lesser amount in the gills, exoskeleton and abdominal muscles (Guner 2010).

In fish, uptake of dissolved cadmium is mainly across the gills, the primary site of toxic
action, followed by transport to different organs (Wang and Fisher 1996; Wood et al. 2012).
Accumulation of dissolved cadmium by the gills can be by either passive (diffusion) or active
(pump) transport (Neff 2002). Fish exposed to cadmium in the presence of food initially absorb
cadmium in the intestinal tract and to some degree the stomach, and subsequently transfer it to

other tissues via the circulatory system (Wood et al. 2012). Water-borne cadmium primarily
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accumulated in the gills of rainbow trout and lake whitefish (Harrison and Klaverkamp 1989),
the kidney of brook trout (Sangalang and Freeman 1979) and Nile tilapia Oreochromis niloticus
(Cogun et al. 2003), and the liver of the perch Perca fluviatilis (Edgren and Notter 1980). In
comparison, cadmium-spiked food accumulated mainly in muscle and the intestinal tract of
rainbow trout (Kumada et al. 1980) and in the intestine, kidney and liver of the eel Anguilla
anguilla (Haesloop and Schirmer 1985).

In an effort to determine the most toxic exposure route, a number of investigators have
compared the adverse effects of cadmium to organisms exposed separately to both aqueous and
dietary cadmium. Hook and Fisher (2001) reported that dietary exposure of marine copepods
(Acartia hudsonica and A. tonsa) to cadmium was approximately 200 times more toxic than an
aqueous exposure. Marine copepod reproduction significantly decreased at 0.5 pug/L dietary
cadmium (algal food at 7.19 pug Cd/g dw), but it was not affected when the animals were exposed
to dissolved cadmium at a similar concentration (reported aqueous LCso of 112.4 ug/L). The
hatching rate, ovarian development and egg protein content all decreased at the dietary effect
level, suggesting that the process of yolk development (vitellogenesis) was affected. The more
than two-fold difference (dietary LOEC of 0.5 ug/L vs. aqueous LOEC of >1.12 pg/L) in effect
levels is likely due to the adsorption of aqueous cadmium to the exoskeleton where it is largely
unavailable, whereas the food-borne cadmium accumulates in internal tissues and disrupts
metabolic and reproductive processes.

Irving et al. (2003) exposed grazing mayfly nymphs (Baetis tricaudatus) to cadmium-
contaminated diatom mats during a 13-day partial life-cycle experiment and observed
significantly reduced grazing and growth at 10 pg/g cadmium (LOEC). The corresponding 96-hr
LCsp determined for this was 1,611 pg/L. When evaluating the mayfly Centroptilum triangulifer,
Xie and Buchwalter (2011) found that larvae exposed to dietary cadmium had significantly
suppressed catalase and superoxide dismutase activities. Aqueous exposed larvae with similar
cadmium tissue levels, however, had normal antioxidant enzyme activity. As shown by these
studies, aqueous cadmium is adsorbed onto the chitin surface and potentially rendered
unavailable to disrupt metabolic processes, whereas the food-borne cadmium accumulates in
tissues and organs, and if not sequestered or detoxified, could interfere with a variety of
metabolic and reproductive processes.

Female goldfish (Carassius auratus) were exposed to dietary cadmium for three years by
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Szczerbik et al. (2006) and the authors reported that the highest food dose of 10 mg/g (wet wt.)
inhibited growth, disrupted behavior, prevented ovulation and decreased the gonado-somatic
index. The lack of ovulation was due to disrupted oocyte development (most likely at the stages
of vitellogenesis and oocyte maturation), thereby suggesting the site of toxic action. The only
water exposure effects data available for this species were a 50-day reduced plasma sodium
LOEC of 44.5 ug/L, a 7-day LCs, of 170 pg/L, and a SMAV (96-hr) of 1,656 pg/L.

Understanding the toxicological link between accumulated cadmium tissue levels and
observation of adverse effects remains difficult to characterize, and therefore has received
considerable interest in recent years (Adams et al. 2011; Mebane 2006; Wood et al 2012). The
poorly understood link between cadmium tissue levels and corresponding adverse effects is in
part due to the various mechanisms utilized by different species to detoxify and/or sequester
cadmium, thereby rendering it biologically unavailable. A well-known and widespread cadmium
detoxification mechanism is the production of metal binding proteins (e.g., metallothioneins) by
a number of invertebrates and fish in response to a metal exposure. As pointed out by Mebane
(2006), it 1s unclear if the cadmium accumulated in the kidneys of fish is bioavailable or
sequestered. Therefore, the link between total cadmium tissue levels and adverse effects is
difficult to quantify since the majority of accumulated cadmium may be in a detoxified form
(Wood et al. 2012).

A summary of tissue residue levels for various aquatic organisms indicating the presence
or absence of adverse cadmium effects is provided by Mebane (2006). He concluded that “the
data reviewed on effects of cadmium tissue-residues in fish and invertebrates were insufticient to
analyze quantitatively similarly to data on the effects of waterborne cadmium.” For example,
data compiled by Mebane (2006) for various studies indicate that different fish species can
tolerate gill tissue residues ranging from 2 to 30 mg Cd/kg dw (Benoit et al 1976; Farag et al.
2003), whereas brook trout males died during spawning after exposure to 5.1 mg Cd/kg dw
(Benoit et al. 1976). Likewise, kidney residue levels ranging from 10 to 94 mg Cd/kg dw
produced no adverse effects, yet 50 mg Cd/kg dw also resulted in brook trout mortality during
spawning (Benoit et al. 1976; McGeer et al. 2000). In addition, mayfly adverse effects were
reported at whole body residues of 2 mg Cd/kg dw, while no effects were observed at 30 mg
Cd/kg dw (Besser et al. 2001; Birge et al. 2000). Mebane (2006) also stated “the data reviewed

on bioaccumulation and effects of dietary exposures to cadmium indicate that at chronic criterion
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concentrations, cadmium is unlikely to bioaccumulate to tissue residue levels expected to cause
obvious adverse effects to aquatic invertebrates or fish.” Adams et al. (2011) likewise noted that
aquatic organisms contain a diverse array of homeostatic mechanisms that are both metal- and
species-specific, and therefore the risk to the aquatic organism could not be determined by whole-
body tissue residue levels for metals, further suggesting a tissue-based cadmium criteria may not
accurately reflect ecotoxicological effects of cadmium under real-world exposure scenarios at

the national-level.

5.7 Effects on Aquatic Plants

Ninety acceptable cadmium toxicity tests from 66 studies are available for a large number
of freshwater algae and vascular plant species (Appendix E). These tests lasted anywhere from 4
to 32 days, and a reduction in growth was the most prominent toxic effect observed. Cadmium
effect concentrations for most freshwater aquatic algae and plant species were well above 50
ug/L, and cadmium does not appear to be algicidal at a concentration less than 250,000 pg/L
(Appendix E). However, several adverse effect concentrations are in the range known to cause
chronic toxicity to aquatic life. For example, the growth rate of the diatom, Asterionella formosa,
was reduced by an order of magnitude at 2 pug/L, while the growth ECs, for the green alga, Chara
vulgaris, 1s 9.5 pg/L (Appendix E). Similarly, a significant reduction in the number of fronds of
two aquatic vascular plant species, Lemna valdiviana and Salvina natans, occurred at 10 pg/L,
and the MATC for growth of water lettuce, Pistia stratiotes, is 12.72 ug/L. A comparison of the
freshwater plant and animal data presented in this document demonstrated that the lowest
toxicity values for fish and aquatic invertebrate species are lower than the lowest toxicity values
for plants. Thus, water quality criteria which protect freshwater animals should also protect
freshwater plants and a final freshwater plant value was therefore not calculated.

Toxicity values are available for 10 species of estuarine/marine diatoms, five species of
green microalgae, one dinoflagellate species, and eight species of macroalgae (Appendix F).
Concentrations causing fifty percent reductions in the growth rates of diatoms range from 50
ug/L for Chaetoceros calcitrans and Isochrysis galbana to 7,560,000 pg/L for Phaeodactylum
tricornutum. Green algae were the most sensitive species to cadmium, with reduced chlorophyll

production observed for Dunaliella viridis and Scenedesmus sp. at 7.071 pg/L cadmium. The
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brown macroalga (kelp) exhibited mid-range sensitivity to cadmium, with an ECses that ranged
from 355.5 to >1,124 pg/L. The most sensitive estuarine/marine macroalgae tested was the red
alga, Champia parvula, with significant reductions in the growth of both the tetrasporophyte
plant and female plant occurring at 22.8 pg/L. The estuarine/marine plant and animal data were
also compared, and the most sensitive plant species (C. parvula) is more resistant than the most
sensitive animal species in chronic tests. Therefore, water quality criteria for cadmium that
protect estuarine/marine animals should also protect estuarine/marine plants and a final

estuarine/marine plant value was therefore not calculated.

5.8 Protection of Listed Species

The dataset for cadmium is particularly extensive and includes data representing species
that are Federally-listed as threatened or endangered by the U.S. Fish and Wildlife Service
and/or NOAA National Marine Fisheries Service. Summaries provided here describing the best
available data for the Federally-listed species that have been tested for sensitivity to cadmium

demonstrate that the 2016 cadmium criteria update is protective of these tested species.

5.8.1 Acute toxicity data for listed species

There are nine Federally-listed freshwater species and one estuarine/marine species that
have acceptable acute toxicity data. Eight of these species are fish and one 1s a freshwater mussel
(Table 20). All of the freshwater data has been normalized to a hardness of 100 mg/L to
facilitate comparison to the acute criteria value expressed at that hardness.

The least sensitive of the Listed freshwater species are bonytail chub, Gila elegans, and
razorback sucker, Xyrauchen texanus, with normalized SMAVs of 80.38 and 76.02 ug/L total
cadmium, respectively (Appendix A). Another Listed fish from the family Cyprinidae, Colorado
pikeminnow (Ptychocheilus lucius), had a similar level of sensitivity with a normalized SMAV
of 46.79 ng/L total cadmium. This species was much more sensitive to cadmium than the non-
Listed northern pikeminnow, Ptychocheilus oregonensis, which is in the same genus and has a
normalized SMAV of 4,265 pg/L total cadmium. All three endangered species were tested in the
laboratory at the U.S. Geological Survey in Yankton, South Dakota, with laboratory test

conditions designed to replicate conditions present in the Green River, Utah (Buhl 1997). One
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endangered freshwater mussel, Neosho mucket (Lampsilis rafinesqueana), has a normalized
SMAYV of 44.67 ug/L total cadmium, indicating a sensitivity that falls within the range of three
other freshwater mussel species within the genus, with normalized SMAVs ranging from 93.17
(Lampsilis straminea claibornensis) to 35.73 (Lampsilis siliquoidea) pug/L total cadmium
(Appendix A). All of these SMAVs are an order of magnitude higher than the freshwater acute
cadmium criteria value.

The most sensitive Listed freshwater species with acceptable acute toxicity data are all
from the family Salmonidae. Three species from the genus Oncorhynchus had normalized
SMAVs that ranged from 3.727 to 11.88 ug/L total cadmium. The bull trout, Salvelinus
confluentus, was almost as sensitive as the rainbow trout, Oncorhynchus mykiss, with a
normalized SMAYV of 4.190 pg/L total cadmium (O. mykiss SMAV of 3.727 ug/L total
cadmium). As recommended by the 1985 Guidelines, the freshwater FAV for total cadmium at a
hardness of 100 mg/L was lowered to 3.727 ug/L (3.518 ng/L dissolved cadmium) to protect the
commercially and recreationally important rainbow trout, which also addresses the Listed
steelhead trout. This lowered FAV, and resultant CMC of 1.8 ug/L dissolved cadmium yielded
by the 1985 Guidelines procedure of dividing the LCso-based FAV by a factor of 2, 1s also
protective of the bonytail chub, razorback sucker, Colorado pikeminnow, and the freshwater
mussel, Neosho mucket, which are less sensitive than all tested species with acceptable acute
toxicity data from the family Salmonidae. The FAV/2 approach was developed to estimate
minimal effect levels, with approximately equal control mortality limits, based on analysis of
219 acute toxicity tests on a range of chemicals, as described in the Federal Register on May 18,
1978 (43 FR 21506-18).

Several life stages of the white sturgeon, Acipenser transmontanus, were exposed in flow-
through measured exposures by Calfee et al. (2014) and Wang et al. (2014a). The most sensitive
life stage were the 61 day post hatch fish with a non-definitive normalized acute value of <33.78
ug/L total cadmium. However, all other test life stages were much less sensitive with normalized
effect concentrations that ranged from >11.65 to >355.0 ug/L total cadmium (Appendix A).

While the 96-hr acute and 7-d chronic toxicity tests for the fountain darter, Etheostoma
fonticola, conducted by Southwest Texas State University (2000) indicated this species was very

sensitive, the study was determined to be unacceptable for inclusion in the core dataset because
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the test species was fed in the acute test and the duration was too short for the chronic test to be
included (Appendix H). While this species is endemic to Texas and has a very limited
distribution, the genus Etheostoma has several Listed species and widespread distribution across
the United States. Despite these data being unacceptable for inclusion in the core criteria dataset,
it 1s noteworthy that the 1.8 pg/L acute and 0.72 pg/L chronic dissolved cadmium criteria are
protective of this species. (The reported LCso was 9.62 ug/L dissolved cadmium for this test and
found to be unacceptable for use in criteria derivation; the chronic values were in the 1.4to 11.5
ug/L range).

The mottled sculpin (Cottus bairdii) represents the most sensitive of the acutely tested
freshwater species with acceptable toxicity data. Similarly, shorthead sculpin (C. confusus) is
also very sensitive. Although C. bairdii and C. confusus are not Listed freshwater species, the
grotto sculpin (Cottus specus) is Listed as endangered and the pygmy sculpin (Cotfus paulus) is
Listed as threatened. Grotto sculpin are found in five cave systems and two surface streams in
Perry County, Missouri, while pygmy sculpin is endemic to Alabama. Although no direct
toxicity data are available for either of these sculpin species, C. bairdii and C. confusus had
normalized SMAVs of 4.418 and 4.404 pg/L total cadmium, respectively. Dividing the GMAV
for Cottus by two, which is consistent with the procedure used to derive the CMC from the FAV
as indicated above, results in a concentration of 2.205 pg/L total cadmium (or 2.082 nug/L
dissolved cadmium), which is a concentration that is expected to result in survival that is no
different from the test controls. This normalized concentration is slightly higher than the 2016
freshwater CMC of 1.8 ug/L dissolved cadmium, based on a hardness of 100 mg/L as CaCO;.
The available data suggest the 2016 freshwater CMC would be protective of these Listed
species.

Coho salmon (Oncorhynchus kisutch) smolts tested in natural filtered seawater with
28.83 g/kg salinity were relatively insensitive to cadmium, with an LCs, of 1,500 pg/L total
cadmium (Dinnel et al. 1989). The estuarine/marine CMC of 33 ug/L total cadmium would be

protective of this species.

Table 20. Acute Summary of Listed Species Tests.

Number of Range of normalized acute SMAV
normalized acute values (ng/L)
Species values Hardness=100 mo/L total cadmium
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Freshwater - Acute

Neosho mucket, 1* 44.67 44.67
Lampsilis rafinesqueana
Bonytail, 2 75.45 - 85.64 80.38
Gila elegans
Razorback sucker, 2 70.86 - 81.56 76.02
Xyrauchen texanus
Colorado pikeminnow,
Ptychocheilus lucius 2 39.76 - 35.06 46.79
Coho salmon,
Oncorhynchus kisutch 4 8.137-77.03 11.88
Rainbow trout,
Oncorhynchus mykiss 56 1.227 - >113.8 3.727
Chinook salmon,
Oncorhynchus tshawytscha 8 3068 - >109.6 3.949
Bull trout,
Salvelinus confluentus 6 2.891-9.390 4190
White sturgeon, 7% >11.65 - >355.0 <33.78
Acipenser transmontanus

Estuarine/Marine — Acute
Coho salmon,
Oncorhynchus kisutch ! 1,500 1,500

* Indicates new species included since the 2001 cadmium document.

5.8.2 Chronic toxicity data for listed species

Four Listed freshwater fish in the family Salmonidae representing two genera
(Oncorhynchus and Salmo) have acceptable chronic toxicity data for cadmium (Table 21). Of
the 20 genera in the Ranked SMCV Table, these two genera are ranked seventh and eighth,
respectively (Table 9). The Chinook salmon (O. tshawytscha) and rainbow trout (O. mykiss)
have similar normalized SMCVs of 4.426 and 2.192 pg/L total cadmium, based on early life
stage growth and survival, respectively. Insufficient detail was reported for Coho salmon (O.
kisutch), the third Listed species in this genus, thus a normalized ECy could not be calculated. A
normalized SMCYV based on the two MATCs reported for Coho salmon would be 7.467 pg/L
total cadmium (Appendix C). The most sensitive endangered freshwater species, Atlantic
salmon (Salmo salar), had a normalized SMCV of 2.389 ug/L total cadmium, which is
somewhat more sensitive than brown trout (Sa/mo frutta), the other species in the genus. All of
these freshwater fish species are expected to be adequately protected at the freshwater CCC of
0.80 ng/L total cadmium.

Mottled sculpin (Cottus bairdii) represent the third most sensitive of the chronically

tested freshwater species with acceptable toxicity data. As discussed in the preceding section
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(Section 5.8.1), although C. bairdii is not a Listed species, grotto sculpin (Cottus specus) s
Listed as endangered and pygmy sculpin (Cottus paulus) is Listed as threatened. C. bairdii had a
normalized SMCV of 1.470 pg/L total cadmium. This normalized concentration is above the
2016 freshwater CCC of 0.72 pg/L dissolved cadmium based on a hardness of 100 mg/L as
CaCOs The 2016 freshwater CCC 1s expected to be protective of these species. There are no

acceptable chronic toxicity data for estuarine/marine Listed species.

Table 21. Chronic Summary of Listed Species Tests.
_ Number of chronic Range of normalized chronic
Species values values

Freshwater - Chronic
Coho salmon, ) 4.046-13.78
Oncorhynchus kisutch (MATCs)
Rainbow trout, 12 0.7962 — 6.989
Oncorhynchus mykiss (ECys and MATCs)
Chinook salmon, 1 4.426
Oncorhynchus tshawytscha (ECy)
Atlantic salmon, 3 2.389-3925
Salmo salar (ECy08)

5.9 Comparison of 2001 and 2016 Criteria Values

5.9.1 Comparison of acute freshwater criterion to 2001 document

The 2001 cadmium freshwater acute criterion was based on data from 39 species of
ivertebrates, 24 species of fish and 1 species each of salamander and frog for a total of 65
species grouped into 55 genera (Table 22). This 2016 update now includes 66 species of
invertebrates, 33 species of fish, one salamander species, and one frog species for a total of 101
species grouped into 75 genera.

Of the 75 Genus Mean Acute Values (GMAV) in the updated dataset, 38 genera have
new data for either species represented in the 2001 database or new species added to the GMAV
calculation in this update (Table 7). A new genus in the updated dataset, sculpin (Cortrus), also
represents the second most sensitive genera in the distribution with a GMAV of 4411 pg/L
(normalized to a total hardness of 100 mg/L as CaCOs). The most sensitive invertebrate genus is

represented by the amphipod Hyalella azteca with a normalized GMAYV of 23.00 pg/L.
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Table 22. Freshwater GMAVs Comparing Species Listed in the 2001 and 2016 Documents.
(Note: All data adjusted to a total hardness of 100 mg/L as CaCO;).
(Values in bold new/revised data since the 2001 AWQQO).

2016 2001 2001 2016
GMAY' |« GMAV SMAV SMAV
(ng/l) (ue/l) Species (ne/l) (ug/l) Comment

49,052 195.967 M@ge, ) 15,798 New species added to GMAV
Chironomus plumosus calculation
Midge, Revised the effect concentration from

- - 195,967 >152,301

Chironomus riparius Williams et al. 1985

Common carp,

30,781 8,573 . :
Cyprinus carpio

8,573 30,781 New data for existing species

Nile tilapia,

26,837 21,569 ) 66,720 New species added to GMAV

Oreochromis niloticus calculation
- - Mozamb1qu§ tilapia, . 21,569 10,795 New data for existing species
Oreochromis mossambica
Planarian, Acute value edited from re-review of
26,607 28,454 Dendrocoelum lacteum 28,454 26,607 Hamet al. 1995
Mayfly,
22,138 - Rhithrogena hageni 22,138 New genus
>20,132 ; Little green stonefly, ; >20,132 | New genus
Sweltsa sp.
Mosquitofish,
12,100 13,146 | SO0 00 s 13,146 12,100 -
11,627 4,754 Ohgochgete, . 4,754 11,627 New data for existing species
Branchiura sowerbyi
Oligochaete,
11,171 12,479 Riyacodrilus montana 12,479 11,171 -
11,045 11,002 | Threespine stickleback, 11,002 11,045 -
Gasterosteus aculeatus
9917 10,225 | Channel catfish, 10,225 9,917 -
Ictalurus punctatus
Oligochaete,
9,752 10.894 Stylodrilus heringianus 10.894 9,752 )
Mayfly,
7,798 - Hexagenia rigida 7,798 New genus
7,752 8551 | oreen suntfish, 5,997 6,276 -
Lepomis cyanellus
- - Bluegill, , 12,194 9,574 -
Lepomis macrochirus
7,716 7762 | Red shiner, . 7,762 7,716 -
Cyprinella lutrensis
7.037 7861 | Oligochacte, 6,933 6.206 -
Spirosperma ferox
CX
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Oligochaete,

) ) Spirosperma nikolskyi 8,913 7.979 )
Yellow perch,
6,808 - Perca flavescens - 6,808 New genus
Earthworm, . .
6,738 7,527 Varichaetadrilus pacificus 7,527 6,738 (formerly, Varichaeta pacifica)
5947 6344 | WVhite sucker, 3 6,344 5,947 -
Catostomus commersonii
Oligochaete,
3,674 6,338 Quistadrilus multisetosus 6,338 3,674 )
Flagfish,
3,583 3,759 Jordanella floridae 3,759 3,583 )
Guppy,
4929 4,981 Poecilia reticulata 4,981 4,929 )
Mayfly,
4,467 4,607 Empherella subvaria 4,607 4,467 )
4,193 2,753 ;EZ;Z;I?HZ;? 2,753 4,193 New data for existing species
3350 3439 | Amphipod, 5 3.439 3,350 -
Crangonyx pseudogracilis
Copepod,
3,121 ) Diaptomus forbesi ) 3,121 New genus
2,967 - Izjzzrzﬁ:gw - 2,967 | New genus
2,231 3,093 }g;l;;zsc}zg;g frog, 3,093 2,231 New data for existing species
Crayfish, New species added to GMAV
1,983 3,536 Procambarus acutus ) 812.8 calculation
) ) Crayfish, ) 6.592 New species added to GMAV
Procambarus alleni ’ calculation
- - %ﬁg;:;fgsfuzrgiig 3,536 1,455 New data for existing species
1,656 1707 | Goldfish, 1,707 1,656 -
Carassius auratus
Caddisfly,
>1,637 - Arctopsyche sp. - >1,637 New genus
Oligochaete,
1,593 1,568 Limnodrilus hoffmeisteri 1,568 1,593 )
Fathead minnow, Same studies but only used F.M tests to
1,582 39.08 Pimephales promelas 59.08 1,582 calculate GMAV
1,023 1,055 Northwestern salgmander, 1,055 1,023 )
Ambystoma gracile
983.8 955.0 ?252%0 o bicrenata 955.0 983.8 | (formerly, Asellus bicrenata)
cxi

EPA-HQ-2016-005391_00051989



Snail,

>808.4 - Gyraulus sp. - >808.4 New genus
651.3 - Lake whitefish, . - 6513 | New genus
Coregonus clupeaformis
Bryozoa,
339.7 5233 Plumatella emarginata 3253 3397 )
Cladoceran,
501.7 500.1 Alona affinis 500.1 501.7 -
4530 4516 | Cyclopoid copepod, 4516 4530 -
Cyclops varicans
427.9 - Pond snail, . - 4279 | New genus
Lymnaea stagnalis
Planarian,
4104 ) Dugesia dorotocephala ) 4104 New genus
3925 3895 | beeeh 389.5 3925 -
Glossiphonia complanata
Mayfly,
3504 ) Baetis tricaudatus ) 3504 New genus
Bryozoa,
346.6 3374 Pectinatella magnifica 3374 346.6 -
275.0 2642 | vorm, . 264.2 275.0 -
Lumbriculus variegatus
New species for existing genus, but ten-
Snail, b fold difference in SMAVs for the genus,
208.0 202.6 Physa acuta ) 2,152 only most sensitive SMAV used in
GMAV calculation
- - Pouch snal, 202.6 208.0 -
Physa gyrina
204.1 2103 | Snaib 2103 204.1 -
Aplexa hypnorum
1543 1502 | Amphipod, , 159.2 1543 -
Gammarus pseudolimnaeus
Worm,
145.5 - Nais elinguis - 145.5 New genus
120.1 - Hydra, - 184.8 New genus (formerly, Hydra attenuata)
) Hydra circumcincta ) ’
Hydra
) ) Hydra oligactis ) 154.8 New genus
Green hydra,
) ) Hydra viridissima ) 38.85 New genus
Hydra,
- - Hydra vulgaris - 187.1 New genus
Cladoceran,
103.1 i Diaphanosoma brachyurum ) 103.1 New genus
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Isopod,

99.54 97.98 . 97.98 99.54 -
Lirceus alabamae
Cravfish Ten-fold difference in SMAVs for the
94.67 >23,632 YHSI, - . >23,281 >22.579° | genus, only most sensitive SMAV used
Orconectes immunis . .
in GMAV calculation
Crayfish, New species added to GMAV
- - . . - 134.0 .
Orconectes juvenilis calculation
Crayfish, New species added to GMAV
- - . - 66.89 .
Orconectes placidus calculation
Cravfish Ten-fold difference in SMAVs for the
- - OFCyoneC;es Silis 23,988 22,800° | genus, only most sensitive SMAV used
in GMAV calculation
86.51 g7.16 | Cladoceran, 87.16 86.51 -
Moina macrocopa
80.38 7832 | Bomytail 78.32 80.38 -
Gila elegans
76.02 7408 | Razorback sucker, 74.08 76.02 -
Xyrauchen texanus
Bryozoa,
74.28 72.29 Lophopodella carteri 72.29 74.28 -
Cladoceran, .. .
73.67 72.61 Ceriodaphnia dubia 63.46 64.03 New data for existing species
Cladoceran,
) ) Ceriodaphnia reticulata 83.08 84.76 )
Mussel, .. .
71.76 86.82 Uterbackia imbecillis 86.82 71.76 New data for existing species
70.76 7116 | Southem rainbow mussel, |5y 4 70.76 -
Villosa vibex
Mussel,
68.51 ) Lasmigona subviridis ) 68.51 New genus
67.90 68,38 | Mussel. 68.38 67.90 -
Actinonaias pectorosa
61.42 50.44 Cladoc§ran, . ) 24.81 New species added to GMAV
Daphnia ambigua calculation
New data for existing species and Attar
) ) Cladoceran, 2714 40.62 and Maly 1982 was not used to
Daphnia magna ’ ) calculate SMAYV, see Unused data
(Appendix J)
- - Cladoc§ran, 93.77 109.2 New data for existing species
Daphnia pulex
Cladoceran, New species added to GMAV
- - R - 1293 .
Daphnia similis calculation
57.71 61,10 | Cladoceran. 61.10 57.71 -
Simocephalus serrulatus
51.34 68.29 Neoshq %nucket, ) 44.67 New species added to GMAV
Lampsilis rafinesqueana calculation
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Fatmucket,

New species added to GMAV

) ) Lampsilis siliquoidea ) 35.73 calculation
Southern fatmucket,
- - Lampsilis straminea 96.44 93.17 -
claibornensis
) ) Yellow §andshell, 4835 4671 )
Lampsilis teres
Colorado pikeminno Ten-fold difference in SMAVs for the
46.79 452.6 p choche%’lus lucz'usw’ 4559 46.79 genus, only most sensitive SMAV used
s in GMAV calculation
Northern pike minnow, b
Ptychocheilus oregonensis 4,493 4,265
<3378 | Acipense | White sturgeon, - <3378 | New genus
r Acipenser transmontanus
Amphipod,
23.00 Hyalella azteca 23.00 New genus
>15.72 . | Mountain whitefish, - >15.72 | New genus
Prosopium williamsoni
6.141 7760 Cutthroat trout, ) ) 5.401 New species added to GMAV
Oncorhynchus clarkii calculation
Coho salmon,
) ) Oncorhynchus kisutch 12.58 11.88 )
Rainbow trout, . .
- - Oncorhynchus mykiss 4.265 3.727 New data for existing species
Chinook salmon No new data, but only the most
- - i 8.708 5.949 sensitive life stage used for SMAV
Oncorhynchus tshawytscha )
calculation
5.931 5916 | Suipedbass, 5.916 5.931 -
Morone saxatilis
5.642 3063 | Browntrout 3.263 5.642 New data for existing species
Salmo trutta
Mottled sculpin,
4411 - Coitus bairdii - 4.418 New genus
Shorthead sculpin,
) ) Cottus confusus ) 4.404 New genus
Bull trout Ten-fold difference in SMAVs for the
4,190 <3.971 Salve linus’ confluentus 4.353 4.190 genus, only most sensitive SMAV used
in GMAV calculation
Brook trout Carroll et al. 1979 was not used to
- - ’ <3.623 3,055° calculate SMAV, see Unused data

Salvelinus fontinalis

(Appendix J)

* Ranked from most resistant to most sensitive based on Genus Mean Acute Value.

" There is a 10x difference in SMAVs for the genus, only most sensitive SMAV is used in the GMAV calculation.
[The following species were not included in the Ranked GMAYV Table because hardness test conditions were not
reported and therefore toxicity values could not be normalized: Leech, Nephelopsis obscura; Crayfish, Orconectes
limosus; Prawn, Macrobrachium rosenbergii; Mayfly, Drunella grandis grandis; Stonefly, Pteronarcella badia,

Midge, Culicoides furens; Grass carp, Ctenopharyngodon idellus.]
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Table 23 provides a comparison of the second to fifth most sensitive taxa (=59 genera)
used to calculate the freshwater CMC in this 2016 AWQC update document compared to the
four most sensitive taxa used to calculate the CMC in the 2001 AWQC document. The 2016
CMC of 1.9 ug/L total cadmium is slightly lower than the 2.1 ug/L total cadmium CMC given in
the 2001 document, both of which are normalized to a total hardness of 100 mg/L as CaCO; and
lowered to protect a commercially and recreationally important salmonid species. Several genera
(Morone, Salmo, Salvelinus and Oncorhynchus) are the most sensitive in both the 2001 and 2016
document, but the new genus, Coffus, 1s now one of the most sensitive in the current update.

One additional difference is that Salvelinus, previously the second most sensitive genus
in the 2001 document, is now the most sensitive genus in the 2016 document. This is due to the
reassessment and reclassification of the brook trout test by Carroll et al. (1979) as an
unacceptable study because the measured concentration of cadmium in control water was greater
than the LCs, value of 1.5 ng/L and the control had 100% survival. Elimination of this LCs
yields the normalized SMAYV of 3,055 pg/L based on the studies by Drummond and Benoit
(1976) and Holcombe et al. (1983). However, since there is greater than a 10-fold difference in
the SMAVs for the genus only the SMAYV for the more sensitive species, S. confluentus, was
used in the GMAYV calculation.

In addition, the number of GMA Vs used to calculate the CMC increased from 55 in the
2001 criteria document to 75 in the current update based on the addition of the GMAVs for
Hydra, worm Nais, planarian Dugesia, mussel Lasmigona, snails Lymnaea and Gyraulus,
copepod Diaptomus, amphipod Hyalella, cladoceran Diaphanosoma, mayflies Baetis, Hexagenia
and Rhithrogena, stonefly Sweltsa, caddisfly Arctopsyche, and fish Acipenser, Coregonus,

Cottus, Danio, Perca and Prosopium.

Table 23. Comparison of the Four Taxa Used to Calculate the Freshwater FAV and CMC
in the 2001 Cadmium Document and 2016 Update.

2001 Cadmium Freshwater EAV and CM(C 2016 Cadmium Update Freshwater FAV and CMC
GMAV'
SMAV® | SMAV® [Rank] SMA‘Vc [Rank]
Species (ug/l) (ue/L) (ue/l) | Species (ue/L)
Cutthroat trout, 5.401 6 141
Oncorhynchus clarkii ) [5]

Coho salmon,

Oncorhynchus kisutch 11.88

Rainbow trout,
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Oncorhynchus mykiss
Coho salmon, 7.760 Chinook salmon,
Oncorhynchus kisutch 6.221 12.58 [4] Oncorhynchus tshawytscha 3.949
Chinook salmon, Striped bass, 5.931
Oncorhynchus tshawytscha 4.305 8.708 Morone saxatilis 3931 [4]
Rainbow trout, Brown trout, 5.642
Oncorhynchus mykiss 2.108 4.2635 Salmo trutta 3.642 [3]
Striped bass, 5.916 Mottled sculpin, 4411
Morone saxatilis 2.925 3916 [3] Cottus bairdii 4.418 2]
Brook trout, <3.971 | Shorthead sculpin,
Salvelinus fontinalis <1791 <3.623 2] Cottus confusus 4.404
Bull trout, Bull trout, 4.190°
Salvelinus confluentus 2.132 4.353 Salvelinus confluentus 4190 [1]
Brown trout, 3.263 Brook trout, a
Salmo trutta 1.613 3.263 [1] Salvelinus fontinalis 3,055
Number of GMAVs 55 Number of GMAVs 75
FAYV (calculated) 2.764° 5.590° FAV (calculated) 5.733¢
FAV a b FAV
(lowered to protect O. mykiss) 2.108 4.265 (lowered to protect O. mykiss) 3.727
CMC 1.054° 2.132° CMC 1.9°

* Normalized to total hardness of 50 mg/L as CaCO; (using pooled slope of 1.0166).

" Normalized to total hardness of 100 mg/L as CaCO; (using pooled slope of 1.0166).

“Normalized to total hardness of 100 mg/L as CaCOs (using pooled slope of 0.9789).

4 There is a 10x difference in SMAV:s for the genus, only most sensitive SMAYV is used in the GMAYV calculation.
*Not used in FAV calculation due to the number of genera (N>59) (see text).

5.9.2 Comparison of chronic freshwater criterion to 2001 document

Of the 20 Genus Mean Chronic Values (GMCV) in the updated dataset, nine genera have
new data for either species represented in the 2001 database or new species added to the GMCV
calculation in this update (Table 24). A new species in the updated dataset, mottled sculpin (C.
bairdii) represents the most sensitive fish species and the third most sensitive genus in the
distribution with a GMCV of 1.470 pg/L (normalized to a total hardness of 100 mg/L as CaCOs).
The most sensitive invertebrate is the amphipod, Hyalella azteca, with a normalized GMCV of
0.7453 ng/L. There are sufficient data to fulfill the requirements to calculate chronic criteria
using species sensitivity distribution (SD) method.

Acceptable data on the chronic effects of cadmium on freshwater animals include 11
species of invertebrates and 16 species of fish grouped into 20 genera (Table 9). The previous
updated criteria (2001) contained data from 7 species of invertebrates and 14 species of fish
grouped into 16 genera. The update includes data for six new species added to the dataset,
consisting of the oligochacte, Lumbriculus variegatus, fatmucket, Lampsilis siliquoidea, snail,

Lymnaea stagnalis, Rio Grande cutthroat trout Oncorhynchus clarkii virginalis, mottled sculpin,
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C. bairdii, and cladoceran, Ceriodaphnia reticulata.

One additional difference between the 2001 document and this 2016 update is the
estimation of EC,, values as the chronic endpoint for each acceptable toxicity test. ECy values
were used to estimate a low level of effect observed in chronic datasets that are available for

cadmium (see Section 2.6, Chronic measures of effect).

Table 24. Freshwater GMCVs Comparing Species Listed in the 2001 and 2016 Documents.
(Note: All data adjusted to a total hardness of 100 mg/L as CaCO:s).
(Values in bold new/revised data since the 2001 AWQC).

2016 2001 2001 2016
GMCV? SMCV SMCV
(ng/l) (ug/L) Species (ng/l) (ug/l) Comment

3866 | >394g | Bluetilapia >3948 | >38.66° | (formerly, Oreochromis aurea)
Oreochromis aureus
Olicochacte Different values used from
36.70 34.66 & ? . 34.66 36.70 Niederlehner et al. 1984 that was a
Aeoclosoma headleyi ) .
more appropriate duration
16.43 2905 | Blueslll , 29.05 16.43 -
Lepomis macrochirus
15.16 . Oligochacte, . 1516 | New genus
Lumbriculus variegatus
1422 1358 | Smallmouth bass. 13.58 14.22¢ -
Micropterus dolomieu
14.17 1350 | Northern pike, 13.52 14.17¢ -
Esox lucius
14.16 2737 | Fathead minnow, 27.37 14.16 -
Pimephales promelas
13.66 13.04 | White sucker, y 13.04 13.66° -
Catostomus commersonii
Fatmucket,
11.29 ) Lampsilis siliquoidea ) 11.29 New genus
9.887 - Pond snail, . - 9.887 | New genus
Lymnaea stagnalis
Flagfish,
8.723 8.886 Jordanella floridae 8.886 8.723 -
3.516 goss | Snail 8.055 3.516 -
Aplexa hypnorum
3.360 1052 | Atlantic salmon, 1324 | 2389 -
Salmo salar
Brown trout, New data for existing species, and more
- - 8.360 4.725 " .
Salmo trutta sensitive exposure scenario used
Rio Grande cutthroat trout, .
3.251 4.082 Oncorhynchus clarkii - 3.543 New species added to GMCV
N calculation
virginalis
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Coho salmon,

- - Oncorhynchus kisutch 7.127 NA® See footnote
- - Iéigﬁ;gg;;’ mylkiss 2.186 2.192 New data for existing species
) ) grlzlcno(:f(i)zl;szlzl:f ?s’hawytscha 4.366 4.426 i
2.356 7.726 ?;?voel;zgs:}on _— 4416 2.356 -
- - Lake trout, 13.51 NA® See footnote

Salvelinus namaycush

Cladoceran,

2.024 06340 | i magna

<0.6340 0.9150 New data for existing species

- - Cladoc§ran, 10.30° 4.478 New data for existing species
Daphnia pulex

Midge,

2.000 4.686 Chironomus dilutus

4.686 2.000 (formerly, Chironomus tentans)

Mottled sculpin,
1.470 - Cottus bairdii - 1.470 New genus

Cladoceran,

1.293 45.40 Ceriodaphnia dubia

45.40 1.293 New data for existing species

Cladoceran, b
) ) Ceriodaphnia reticulata ) NA See footnote

Amphipod,

Hyalella azteca 0.4590 0.7453 )

0.7453 0.4590

* Ranked from most resistant to most sensitive based on Genus Mean Chronic Value.

® Not included in the GMCYV calculation because normalized ECy data are available for the genus.

¢ Calculated from the MATC and not ECy but retained to avoid losing a GMCV,

4 Not used in GMCV calculation because species values are too divergent to use the geometric mean for the genus
value, therefore, the most sensitive value used.

[The following species were not included in the Ranked GMCV Table because hardness test conditions were not

reported and therefore toxicity values could not be normalized: Mudsnail, Potamopyrgus antipodarum.]

Four new genera were added to the 2016 chronic freshwater database. The amphipod
Hyalella is the most sensitive in both documents, but the cladoceran Ceriodaphnia, the mottled
sculpin Cofttus and the midge Chironomus are now the second, third and fourth most sensitive
genera in the 2016 update (Table 9). The change in the four most sensitive genera presented in
the 2016 update is partly due to the inclusion of the new sensitive genus Cottus, but also to the
estimation of the chronic value by EC» analysis and not the MATC (geometric mean of the
NOEC and LOEC) as was done in the 2001 document.

As indicated in Table 25, the 2016 freshwater CCC 1s about 3 times the magnitude of the
2001 CCC (0.79 vs. 0.27 ug/L total cadmium) due to differences in the data used for the CCC
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derivations. As a result, the four lowest GMCVs in the 2016 CCC have a smaller range of
variation in values (0.7453 to 2.000) when compared to the four lowest GMCVs in the 2001
CCC, which decreases the uncertainty of the 5® percentile GMCV estimation. In the 2001 CCC,
there were also only 16 GMCVs in the dataset used to derive the CCC. In the 2016 CCC, there
are 20 GMCVs used to derive the CCC, based on the addition of the GMCVs for the oligochaete,
Lumbriculus, snail, Lymnaea, fatmucket, Lampsilis and the mottled sculpin, Cotfus. The new
GMCVs affect the chronic species sensitivity distribution. The cumulative probability (P)
decreases as a function of the increased number of GMCVs and results in an increase in the

FCV.
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Table 25. Comparison of the Four Taxa Used to Calculate the Freshwater FCV and CCC

in the 2001 Cadmium Document and 2016 Update.
2001 Cadmium Freshwater FCV and CCC

2016 Cadmium Update Freshwater FCV and € (C

GMCV® GMCV*
SMCV' | SMCV’ [Rank] SMCV* [Rank]
(ug/L) (ng/L) (ug/L) | Species (ng/l) (ug/L)
Midge, 4.686
Chironomus tentans 2.804 4.686 [4]
Coho salmon, 4.082
Oncorhynchus kisutch 4263 7.127 {3]
Chinook salmon, Midge, 2.000
Oncorhynchus tshawytscha 2.612 4.366 Chironomus dilutus 2.000 [4]
Rainbow trout, Mottled sculpin, 1.470
Oncorhynchus mykiss 1.308 2.186 Cottus bairdii 1.470 [3]
Cladoceran, <0.6340 | Cladoceran, 1.293
Daphnia magna <0.3794 | <0.6340 [2] Ceriodaphnia dubia 1.293 [2]
Cladoceran, a Cladoceran, .
Daphnia pulex 6.167 10.30 Ceriodaphnia reticulata NA
Amphipod, 0.4590 | Amphipod, 0.7453
Hyalella azteca 0.2747 0.4590 [1] Hyalella azteca 0.7453 [1]
Number of GMCVs 16 Number of GMCVs 20
FCV (calculated) 0.1618" 0.2703° FCV (calculated) 0.79¢

* Normalized to total hardness of 50 mg/L as CaCO; (using pooled slope of 0.7490).

" Normalized to total hardness of 100 mg/L as CaCOs (using pooled slope of 0.7490).

“Normalized to total hardness of 100 mg/L as CaCOs (using pooled slope of 0.7977).

4Not used in GMCV calculation because species values are too divergent to use the geometric mean for the genus
value, therefore, the most sensitive value used.

° Not included in the GMCYV calculation because normalized ECy, data available for the genus.

5.9.3 Hardness correlation and equations for cadmium toxicity adjustment

Hardness is used as a surrogate for the ions that can affect the results of toxicity tests on
cadmium. In spite of its limitations, hardness is currently the best surrogate available for metal
toxicity adjustment. The hardness toxicity relationship applies the same methodology
(covariance) as presented in the 2001 update. The hardness-toxicity relationship used to
normalize the data for this revision is described above. A comparison of the data used in 2001

and this update 1s shown in Table 26.

Table 26. Hardness-Toxicity Relationship Data used in U.S. EPA (2001) Compared to this

Update.
—_ Number of Vertebrates | Hardness Range
Sample size / Invertebrates Species (mg CaCO,/1)

2001 Acute 64 7/5 53-360
AWQC Chronic 7 2/1 44 — 250
2016 Acute 80 7/6 53-350
Update Chronic 18 3/1 19.7 - 301
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5.9.4 Comparison of acute estuarine/marine criterion to 2001 document

Of the 79 Genus Mean Acute Values (GMAV) in the updated dataset, 40 genera have
new data for either species represented in the 2001 database or new species added to the GMAV
calculation in this update (Table 27). Three new species in the updated dataset, the mysid,
Neomysis americana, the copepod, Tigriopus brevicornis, and moon jellyfish, Aurelia aurtia,
represent the three most sensitive species in the distribution with GMAVs of 28.14, 29.14 and
61.75 ng/L, respectively. The most sensitive fish species is the striped bass, Morone saxatilis,
with a GMAV of 75.0 ug/L. There are sufficient data to fulfill the requirements to calculate
acute criterion using the species sensitivity distribution (SD) method.

Suitable tests of the acute toxicity of cadmium to estuarine/marine organisms are now
available for 78 species of invertebrates and 16 species of fish, or a total of 94 species grouped
into 79 genera. The 2001 criteria were based on data from 50 species of invertebrates and 10

species of fish for a total of 60 species grouped into 54 genera (Table 27).

Table 27. Estuarine/Marine GMAVs Comparing Species Listed in the 2001 and 2016
Documents.

2016 2001 2001 2016
GMAV: = GMAV SMAV SMAV
(ug/L) (ng/l) Specics (ng/L) (ng/L) Comment

Horseshoe crab,
169,787 - Limulus polyphemus - 169,787 New genus

Oligochaete worm,

135,000 | 135,000 Monopylephorus cuticulatus

135,000 135,000 -

>80,000 . Mozambique tilapia, . >80,000 | New genus
’ Oreochromis mossambicus ’

Scorpionfish,
62,000 - Scorpaena guttata - 62,000 New genus

Sheepshead minnow,

28,196 50,000 Cypri . 50,000 28,196 New data for existing species
‘yprinodon variegatus
Cunner,
25,900 ) Tautogolabrus adspersus ) 25,900 New genus
Oligochaete worm,
24,000 24,000 Tubificoides gabriellae 24,000 24,000 -
Dog whelk,
23,200 - Nucella lapillus - 23,200 New genus
Amphipod, . .
22,887 27,992 : ) 27,992 22,887 New data for existing species
FEohaustorius estuarius
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Mummichog,

19,550 19.550 Fundulus heteroclitus 18,200 18,200 )
Striped killifish,
) ) Fundulus majalis 21,000 21,000 )
19170 | 19,170 | Eastern mud snail, 19,170 19,170 -
Nassarius obsoletus
Winter flounder,
14,297 14,297 | Pseudopleuronectes 14,297 14,297 -
americanus
12,755 | 21238 | [ iddlercrab, 21,238 21,238 -
Uca pugilator
- - Flddler. crab, . - 7,660 New species added to GMAYV calculation
Uca triangularis
Polychaete worm, . .
12,052 12,836 Neanthes arenaceodentata 12,836 12,052 New data for existing species
11,000 | 11,000 | Shinerperch, 11,000 11,000 -
Cymatogaster aggregata
510200 | >10.200 | CAlifornia market squid, >10200 | >10,200 -
Loligo opalescens
10,114 6.895 | Polychacte worm, 10,114 10,114 | (formerly, Nereis virens)
Alitta virens
10,000 | 10,000 | Oligochacte, 10,000 10,000 | (formerly, Limnodriloides verrucosus)
Tectidrilus verrucosus
Striped mullet,
9217 7079 | bl cophalus 7,079 7.079 -
- - Whlt.e mullet, - 12,000 New species added to GMAYV calculation
Mugil curema
Nematode, New genus
9,100 ) Rhabditis marina ) 9,100 (formerly, Pellioditis marina)
Isopod,
>8,000 - Excirolana sp. - >8,000 New genus
Sand dollar,
7.400 7,400 Dendraster excentricus 7,400 7,400 )
7,120 7120 | Wood borer, 7,120 7,120 -
Limnoria tripunctata
6,700 6,700 | Amphipod, 6,700 6,700 -
Diporeia spp.
6.600 6,600 | Atlantic oyster drill, 6.600 6,600 ;
Urosalpinx cinerea
4,900 - Mud crab, - 4,900 New genus
FEurypanopeus depressus
4,700 6,895 | Polychacte, - 4,700 4,700 -
Nereis grubei
4,100 4,100 | Green shore crab, 4,100 4,100 -
Carcinus maenas
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Blue crab,

4,058 2,594 Callinectes sapidus 2,594 2,594 )
- - Iézslif;etéltgs ;:z;i?;is - 6,350 New species added to GMAYV calculation
Polychaete,
3,925 ) Ophryotrocha diadema ) 3,925 New genus
3,500 3,500 Scuq, 3,500 3,500 -
Marinogammarus obtusatus
Polychaete worm,
3,142 ) Ctenodrilus serratus ) 3,142 New genus
Amphipod,
2,900 2,900 Ampelisca abdita 2,900 2,900 -
2,600 2600 | Coneworm. 2,600 2,600 -
Pectinaria californiensis
2413 2413 | Common starfish, 2,413 2,413 -
Asterias forbesi
Pacific sand crab,
2,110 - Emerita analoga - 2,110 New genus
Gastropod, New genus
2,060 ) Tenguella granulata ) 2,060 (formerly, Morula granulata)
Tiger shrimp,
1,720 - Penaeus monodon - 1,720 New genus
Copepod,
1,708 1,708 Pseudodiaptomus coronatus 1,708 1,708 )
1,672 1,672 | Soft-shell clam, 1,672 1,672 -
Mya arenaria
Amphipod,
1,510 ) Rhepoxynius abronius ) 1,510 New genus
Brown mussel, New genus
1,506 ) Perna perna ) 1,146 (formerly, Perna indica)
Green mussel,
) ) Perna viridis ) 1,981 New genus
Coho salmon,
1,500 1,500 Oncorhynchus kisutch 1,500 1,500 )
1271 ) White shrimp, ) 990 New genus
’ Litopenaeus setiferus (formerly, Penaeus sefiferus)
- - Wh1te shrimp, . - 1,632 New genus
Litopenaeus vannamei
1228 1,228 Daggerblade grass.shnmp, 1,983 1,983 )
Palaemonetes pugio
) ) Grass shrimp, ' 760 760 )
Palaemonetes vulgaris
Starlet sea anemone,
1,184 ) Nematostella vectensis ) 1,184 New genus
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Atlantic silverside, Acute value removed after re-review of

1,054 778 Menidia menidia 7708 1,054 Cardin 1985
1,041 9293 zémpmpp d, o 9293 1,041 New data for existing species
orophium insidiosum
Pinfish,
1,000 ) Lagodon rhomboides ) 1,000 New genus
Green sea urchin,
862.9 948.7 Strongylocentrotus 1,800 1,800 -
droebachiensis
Purple sea urchin,
- - Strongylocentrotus 500 413.7 New data for existing species
purpuratus
800 gop | Rivulus, 800 800 -
Rivulus marmoratus
794.5 794,5 | Harpacticoid copepod, 794.5 794.5 (formerly, Nitocra spinipes)
’ ’ Nitokra spinipes ’ ’ ’
765.6 1480 | Bayscallop, 1,480 1,480 -
Argopecten irradians
- - jcallop, . - 396 New species added to GMAYV calculation
rgopecten venlricosus
Amphipod, . .
739.2 590.5 ) 590.5 739.2 New data for existing species
Leptocheirus plumulosus
736.2 1,073 | Blue mussel, 1,073 1,073 -

Mytilus edulis

- - Blu; mussel, - 505.0 New species added to GMAYV calculation
Mytilus trossolus

Amphipod,

716.2 716.2 716.2 716.2 -
Elasmopus bampo
645.0 6450 | Longwrist hermit crab, 645.0 645.0 ;
Pagurus longicarpus
630.7 1,170 | Amphipod. 1,170 630.7 New data for existing species
) ’ Grandidierella japonica ’ ) 5P
Amphipod,
630 630 Chelura terebrans 630 630 )
490 - Barnacle, - 490 New genus

Amphibalanus amphitrite

422.6 - Mangrove oyst;r, . - 422.6 New genus
Isognomon californicum

Mysid,

410.3 - Praunus flexuosus - 410.3 New genus
Isopod, .

410.0 410.0 Joerapsis sp. 410.0 410.0 (Formerly, Jaeropsis sp.)

320 320 | Sandshrimp, 320 320 -

Crangon septemspinosa

310.5 3105 | Northern pink shrimp, 310.5 310.5 (formerly, Penaeus duorarum)
Farfantepenaeus duorarum
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Rock crab,

235.7 235.7 Cancer plebejus 250 250 (formerly, Cancer irroratus)
- . | Dungeness crab, 2223 2223 -
Cancer magister
224 224 Harpactlcqld copepoq, . 224 224 (formerly, Amphiascus tenuiremis)
Sarsamphiascus tenuiremis
Cabezon,
>200 >200 Scorpaenichthys >200 >200 -
marmoratus
Polychaete worm,
200 200 Capitella capitata 200 200 )
188.1 - Horse clam, - 60 New genus
Tresus capax
Horse clam,
) ) Tresus nuttalli ) 50 New genus
Pacifi ter U.S. EPA (2001) did not use the >100
1732 930.6 | acticoysier, 2279 1732 values from Watling 1982 in the SMAV
Crassostrea gigas .
calculation
American ovster Ten-fold difference in SMAVSs for the
- - Crassos treayvir ’inica 3,800 3,800° genus, only most sensitive SMAV used in
& GMAY calculation
Calanoid copepod,
1477 1477 Eurvtemora affinis 1477 147.7
130.7 1307 | Copepod, 144 144 -
Acartia clausi
) ) Calanpld copepod, 118.7 1187 )
Acartia tonsa
73 73 American lobst'er, 73 73 )
Homarus americanus
75.0 750 | Stripedbass, 75.0 75.0 -
Morone saxatilis
67.39 4129 | Mysid 41.29 41.29 -
Americamysis bahia
Mysid, ) - .
- 110 Americamysis bigelowi 110 110 (formerly, Mysidopsis bigelowi)
61.75 - Moon jellyfish, - 61.75 New genus
Aurelia aurita
29.14 - Harpacticoid copepod, - 29.14 New genus
Tigriopus brevicornis
28.14 - Mysid, - 28.14 New genus

Neomysis americana

? Ranked from most resistant to most sensitive based on Genus Mean Acute Value.
" There is a 10x difference in SMAVs for the genus, only most sensitive SMAV is used in the GMAYV calculation.

New acute data for estuarine/marine species have also been added to the 2016 document.
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A total of 79 genera are now used to derive the estuarine/marine CMC of 33 ug/L in the 2016
update in contrast to 54 genera and resultant CMC of 40.28 pg/L in the 2001 document (Table
28). The four most sensitive genera are once again used to calculate the CMC in the 2001
document (n<59), and the second to fifth most sensitive genera are used in the 2016 update (n
>59). The approximately 18 percent lower 2016 CMC is primarily due to the addition of three
new sensitive genera, the mysid, Neomysis, the jellyfish, Aurelia and the copepod, Tigriopus.
Both A. bahia (mysid) and the striped bass GMAVs are used to calculate the CMC in each
document version. Additional genera included in the 2016 update include the polychaete worms,
Ctenodrilus and Ophryotrocha, nematode, Rhabditis, mussel, Perna, clam, Tresus, whelk,
Nucella, gastropod, Tenguella, barnacle, Amphibalanus, oyster, Isognomon, horseshoe crab,
Limulus, 1sopod, Excirolana, copepod Tigriopus, amphipod, Rhepoxynius, mysids, Neomysis and
Praunus, sea anemone Nematostella, shrimps, Litopenaeus and Penaeus, crabs, Emerita and
Eurypanopeus, jellyfish Aurelia, and fish, Lagodon, Oreochromis, Scorpaena and

Tautogolabrus.
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Table 28. Comparison of the Four Taxa Used to Calculate the Estuarine/Marine FAV and
CMC in the 2001 Cadmium Document and 2016 Update.
2001 Cadmium Estuarine/Marine FAY and CMC 2016 Cadminm Update Estuarine/Marine FAV and CMC

GMAV GMAV
SMAV |Rank] SMAV [Rank]
Species (ue/l) (ue/l) Species (ug/l)
Striped bass, 750 75.0
Morone saxatilis ) [5]
Mysid, 67.39
Americamysis bahia 41.29 [4]
) Mysid,
Al\f[yssllg(,) sis bicelowi 110 1[}5) (formerly, Mysidopsis bigelowi) 110
ysrdop S Americamysis bigelowi
Ammerican lobster, 73 78 Moon jellyfish, 6175 61.75
Homarus americanus [3] Aurelia aurita ) [3]
Striped bass, 750 75.0 Harpacticoid copepod, 29 14 29.14
Morone saxatilis ) [2] Tigriopus brevicornis ) [2]
Mysid, 41.29 Mysid, 28.14°
Americamysis bahia 41.29 [1] Neomysis americana 28.14 [1]
Number of GMAVs 54 Number of GMAVs 79
FAV (calculated) 80.55 FAV (calculated) 66.25
CMC 40.28 CMC 33.13

*Not used in FAV calculation due to the number of genera (N>59) (see text).

5.9.5 Comparison of chronic estuarine/marine criterion to 2001 document

No new data were identified on the chronic effects of cadmium to estuarine/marine
species since the 2001 update (Table 29 and Table 30). The same estuarine/marine chronic data
presented in the 2001 cadmium document are also used in the 2016 document update (note that
the mysid Mysidopsis bigelowi is now classified as Americamysis bigelowi). Due to the limited
amount of estuarine/marine chronic data the CCC is derived by dividing the FAV by the FACR.
In the 2001 document the FACR was determined based only on the two estuarine/marine ACRs.
This is because the freshwater ACRs covered such a wide range, it was deemed inappropriate to
use any of the available freshwater ACRs in the calculation of the saltwater FCV. Also the two
estuarine/marine species for which acute-chronic ratios were available had SMAVs in the same
range as the saltwater FAV, and it seemed reasonable to use the geometric mean of only those
two ACRs. Given the addition of new sensitive estuarine/marine species to the acute criteria
dataset, a new FACR was calculated using a combination of both freshwater and
estuarine/marine ACRs (see Section 5.5.1). The 2016 estuarine/marine chronic CCC is 8.0 pg/L
total cadmium (66.25 / 8.291) and the 2001 CCC is 8.9 ug/L total cadmium (80.55 /9.106).
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Table 29. Estuarine/Marine GMCVs Comparing Species Listed in the 2001 and 2016

Documents.
2016 2001 2001 2016
GMCV GMCV SMCV SMCV
(ng/L) (ug/l) Species (ug/l) (ug/l) | Comment
8.449 6173 | Mysid, 6.173 6.149
Americamysis bahia
- 7.141 Mysid, 7.141 11.61 (formerly, Mysidopsis bigelowi)
’ Americamysis bigelowi ’ ’ ?

2 Ranked from most resistant to most sensitive based on 2016 Genus Mean Chronic Value.

Table 30. Total Number of Toxicity Values for Species and Genera in 2001 AWQC and

2016 Update.
... owiCritem | OeUpdate

Freshwater Acute Criterion
Total # new acute toxicity values - 532
SMAV 65 101
GMAV 55 75
Freshwater Chronic Criterion
Total # new chronic toxicity values - 14°
SMCV 21 27
GMCV 16 20
Estuarine/Marine Acute Criterion
Total # new acute toxicity values - 43¢
SMAV 61 94
GMAV 54 79
Estuarine/Marine Chronic Criterion
Total # new chronic toxicity values - 04
SMCV 2 2
GMCV 2 1¢
2See Table 22
®See Table 24
°See Table 27
4See Table 29

*Note: Americamysis bigelowi was formerly called Mysidopsis bigelowi.

6 UNUSED DATA

For this 2016 criteria update document, EPA considered and evaluated all available data

that could possibly be used to derive the new acute and chronic criteria for cadmium in fresh and

estuarine/marine waters. A substantial amount of those data were associated with studies that did

not meet the basic QA/QC requirements described in the 1985 Guidelines (see Stephan et al.

1985). A list of all other studies considered but removed from consideration for use in deriving
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the criteria is provided in Appendix J with rationale indicating the reason(s) for exclusion. Note

that unused studies from previous AWQC documents were not reevaluated.
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